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ABBREVIATIONS USED
D -  D u r a t i o n  o f  d a u g h t e r  c y c l e  t i m e
P -  p a r e n t
B _ " " b u d d e d  p h a s e
T -  P o p u l a t i o n  d o u b l i n g  t i m e
c d c  -  C e l l  d i v i s i o n  c y c l e  (gene)
-  I n t e r v a l  f ro m  c e l l  s e p a r a t i o n  t o  DNA s y n t h e s i s  
S -  DNA s y n t h e t i c  p e r i o d
-  I n t e r v a l  b e t w e e n  DNA s y n t h e s i s  a n d  m i t o s i s  
M -  M i t o s i s
G^* -  I n t e r v a l  b e t w e e n  m i t o s i s  and  c e l l  s e p a r a t i o n
5 -dTMP -  5 -  d e o x y t h y m i d i n e  m o n o p h o s p h a t e
SUMMARY
Two d if f e r e n t  methods were employed to  e f f e c t  changes in  
the tim ing o f  c e l l  c y c le  e v e n ts , a l t e r a t io n  o f  growth r a te ,  and 
a lte r a t io n  o f  th e  le n g th  o f  S p h ase .
Saccharomyces c e r e v is ia e  S288G/1 was grown in  a g lu c o se -  
l im ite d  chem ostat a t  p op u la tion  d ou b lin g  tim es o f  80 to  736 
m inutes. D, P and B a l l  showed b ip h a s ic  l in e a r  r e la t io n s h ip s  to  
, q u a n t i ta t iv e ly  d if f e r e n t  from e s t im a te s  fo r  the same s tr a in  in  
batch  c u ltu r e . Median c e l l  volume and dry w eight per c e l l  in crea sed  
a t  th e f a s t e r  growth r a t e s ,  but th e  average c e l l  d e n s ity  reached a 
minimum a t ^  =* I 50 m in u tes. The contiguous array o f  bud sca rs
on parent c e l l s  became in c r e a s in g ly  ir r e g u la r  as^T in crea sed  from 
140 m in u tes.
At th e  f a s t e s t  growth r a te s  fila m en to u s forms c o n s t itu te d  a 
sm all p ercentage o f  th e  t o t a l  c e l l  number and were presumed to  
a r is e  from th e f a i lu r e  o f  c e l l s  to  undergo c e l l  sep a ra tio n . The 
phenomonen was d i s t in c t  from chain  form ation , dimorphism and pseudo- 
m y ce lia l growth and showed e x te n s iv e  a n a lo g ie s  w ith  the d u p lic a tio n  
c y c le  o f  filam en tou s fu n g i.
By reducing th e  co n cen tra tio n  o f  3 ' -dTMP o ffe r e d  to  th e  
Saccharomyces c e r e v is ia e  tmp mutant MB1093-ID i t  was p o s s ib le  to  
in c r e a se  th e  le n g th  o f  S p h ase , w ith ou t a l t e r i n g ^ . The percentage  
o f  th e c e l l  c y c le  S occu p ied  cou ld  be in cr ea se d  from 30% a t  non­
l im it in g  c o n c e n tr a tio n s , t o  over  GOffo a t  l im it in g  co n cen tra tio n s .
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The in c r e a se  was compensated fo r  by a red u ctio n  in  and G^.
M and G^* remained c o n s ta n t . At l im it in g  con cen tra tio n s P in cr ea se d  
w hile D d ecreased .
A n o v e l method o f  autoradiography u s in g  th e  mutant was 
developed .
5 '-dTMP l im ita t io n  a ls o  a f fe c te d  growth and morphology. At 
l im it in g  c o n c e n tr a tio n s , whereTT was u n a ltered , up to  10% o f  c e l l s  
had abnormal m orphologies. They were o f  th ree  major c la s s e s ,  ( l )  
c e l l s  showing secondary bud form ation , ( 2 ) c e l l s  w ith  t h e ir  bud in  
the cen tre  o f  a "bean-shaped" c e l l ,  and ( 3 ) c e l l s  th a t  were e lo n g a ted . 
The le n g th  o f  B and volume a t  bud emergence in crea sed  w ith  d ecreasin g  
5 ' -dTMP co n cen tra tio n .
-  4 -
CHAPTER ONE
G eneral In trod u ction
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GENERAL INTRODUCTION
The budding y e a s t  Saccharomyces c e r e v is ia e  has a number o f  
p ro p er tie s  th a t have helped  make i t  such a u se fu l organism fo r  
research ; p a r t ic u la r ly  in  the f i e l d  o f  c e l l  d iv is io n .  Y east can 
be e a s i ly  cu ltu red , and behaves s im ila r ly  in  e i th e r  the h ap lo id  or  
d ip lo id  s ta te s ;  mutants can be e a s i l y  i s o la t e d  in  th e  h ap lo id  
co n d itio n  and com plem entation ca rr ied  out in  the d ip lo id ,  A 
la r g e  number o f  m etab o lic  mutants e x i s t  in c lu d in g  a la r g e  s e t  
d e fe c t iv e  in  the s p e c i f i c  p r o c e sse s  o f  c e l l  d iv is io n  -  the  
tem perature s e n s i t iv e  c e l l  d iv is io n  c y c le  or cdc mutants (H a rtw ell,
1974) .  These have g r e a t ly  helped  in  th e understanding o f  the  
in terdependency o f  d if f e r e n t  c e l l  d iv is io n  p r o c e sse s .
Y east c e l l s  m aintain  a f ix e d  shape during t h e ir  c e l l  cy c le  
and reproduce by th e budding mode. This a llo w s the r e la t iv e  c e l l  
cy c le  s ta g e  to  be determ ined by exam ining the budding morphology. 
When a bud i s  i n i t i a t e d  a r in g  o f  c h it in  b u ild s  up a t  th e  isthm us 
(H ayashibe & Katohdo, 1973)» This remains on the p aren t c e l l  a f t e r  
the bud (now a newborn daughter) has sep arated  from th e  parent and 
i s  termed a bud s c a r . Bud sc a r s  can be v is u a li s e d  by f lu o r e sc e n c e  
m icroscopy making i t  p o s s ib le  to  determ ine the age o f  a c e l l  
(S tr e ib lo v a  & Beran, 19&3; H ayashibe, 1 9 7 7 ). A new b o m  daughter  
w i l l  have no bud s c a r , a parent th a t has budded once w i l l  have one 
bud sc a r  and so on.
A d isadvantage o f  u s in g  y e a s t  i s  th a t  the c y to lo g y  i s  poor, 
p a r t ic u la r ly  chromosome cy to lo g y  and chromosome b eh a v io u r , which
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cannot y e t  be an alysed  in  d e t a i l .
L ike most eu k aryotic  c e l l s  the y e a s t  c e l l  cy c le  i s  d iv id ed  in to  
fou r  major p er io d s , G^, S , G  ̂ and M.
Ĝ  Phase
Control o f  P r o l ife r a t io n
The unique p o in t o f  r e g u la tio n  o f  th e  c e l l  c y c le  in  
Saccharomyces c e r e v is ia e  occurs in  Ĝ  ̂ and has been termed s t a r t .  
S ta r t i s  the e a r l i e s t  gene c o n tr o lle d  ev en t o f the m ito t ic  c e l l  
c y c le  (H a r tw e ll,1974) .  At s t a r t ,  th e  c e l l  m onitors i t s  
environm ent, the presence o f  n u tr ie n t s ,  th e  absence o f  co n d itio n s  
prom oting con ju gation  atnd sp o r u la t io n , th e  attainm ent o f  a c r i t i c a l  
s i z e ,  and th e  com pletion  o f  th e  p rev ious D NA -division cy c le  (N urse, 
1981; P r in g le  & H artw ell, 1 9 8 1 ).
G en etic  co n tro l o f  s t a r t
Gene cdc28 i s  in v o lv e d  in  the tr a v e r se  o f s t a r t .  I t  i s  
req u ired  in  Ĝ  b e fo r e  th e i n i t i a t i o n  o f  DNA r e p l ic a t io n  and b efore  
th e  ex p ress io n  o f  any o th er  cdc genes which fu n ctio n  during Ĝ
( H a r tw e ll, 1973a; H ereford & H artw ell, 1 9 7 4 ). cdc28 mutants a t  th e  
r e s t r i c t i v e  tem perature a r r e s t  as unbudded c e l l s  and w ith  undup­
l i c a t e d  sp in d le  p laq u es (B yers & G oetsch , 19 7 3 ). New s t a r t  mutants 
have now been i s o la t e d  (Reed, 1980).
o c  -  F actor a r r e s t  a t  s t a r t
When a c t iv e ly  growing c u ltu r e s  o f  o p p o site  m ating type are
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mixed t h e ir  c e l l  c y c le s  become synchron ised  in  p r io r  to  c e l l  
fu s io n  by the mating pheromones th a t are produced and se c r e te d  by 
c e l l s  o f  each mating type (H a rtw ell, 1 9 7 3 b ). fa c to r  i s  produced  
and s e c r e te d  by c e l l s  o f  m ating type ex.and a r r e s ts  a c e l l s ,  and 
v ic e  v ersa  (B etz  & D untze, 1 9 7 9 ). The c e l l s  a r r e s t  in  Ĝ  p r io r  
to  bud em ergence, in i t i a t io n  o f  DNA s y n th e s is  and sp in d le  p o le  body 
d u p lic a tio n  (Throm & Duntze, 1970; H artw ell e t  1974; Byers & 
G oetsch , 1975) .  During co n ju g a tio n , c e l l  a g g lu t in a t io n  i s  fo llo w ed  
by c e l l  and n u c lea r  fu sio n  and a m ito t ic  c e l l  c y c le .
R eid & H artw ell (1977) have shown th a t  c e l l s  a r r e s te d  a t  the  
cdc28 s te p  can undergo con ju gation  whereas c e l l s  a r r e s te d  a t  l a t e r  
cdc gene s te p s  cannot. This i s  ev idence fo r  mating fa c to r  a r r e ste d  
c e l l s  b e in g  a t  th e  same sta g e  o f  the c e l l  c y c le  as th e  ex p ressio n  
o f  th e cdc28 gene (Hereford & H artw ell, 1974).
R egu lation  o f  s i z e  a t  s ta r t
During ex p o n en tia l growth, y e a s t  c e l l s  have a narrow and 
c h a r a c te r is t ic  range o f  c e l l  s i z e s .  C ontrol mechanisms must e x i s t  
to  c o -o rd in a te  growth and d iv is io n .  A model was proposed by 
Johnston , P r in g le  and H artw ell (1977) and developed by H artw ell 
and Unger (1 9 7 7 ).
The model has two b a s ic  p ro p o sa ls , (1 ) th a t growth ra th er  
than p rogress through the D N A -division c y c le  i s  r a t e - l im it in g  fo r  
c e l l  d iv i s io n ,  i . e .  c e l l s  can com plete the DNA d iv is io n  c y c le  
f a s t e r  than th ey  can double in  m ass, and (2 ) th a t growth to  a
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c r i t i c a l  s iz e  i s  a p r e r e q u is ite  fo r  th e com pletion o f  a t  l e a s t  one 
s te p  in  the DNA-di v is io n  c y c le ,  th e  s t a r t  ev en t. I t  i s  n o t known 
e x a c t ly  what i s  meant by s i z e ,  i t  i s  presumably a m olecular  
s p e c ie s ,  whose amount or con cen tra tion  i s  coupled to  c e l l  volum e, 
or mass, or p ro te in  co n ten t, or RNA con ten t a l l  o f  which in c r e a se  
in  p a r a l le l  in  s tead y  s ta t e  c u ltu r e s  (P r in g le  & H artw ell, 1981;
Johnston & S in g er , 1981; Wheals & Silverm an, 1982; Fantes e t  1975)»
Upon n itro g en  s ta r v a t io n , c e l l s  th a t  have passed  s t a r t  can 
d iv id e  w ith  l e s s  than a 10 p ercent in cr ea se  in  c e l lu la r  p ro te in  
and produce abnorm ally sm all d au ghters. When re in o c u la te d  in to  
fr e s h  medium, the tim e b efo re  the sm all c e l l s  bud i s  in v e r se ly  
r e la te d  to  t h e ir  i n i t i a l  volume (Joh n ston , P r in g le  & H artw ell,
1977) • The experim ent shows th a t com pletion o f  th e  c e l l  d iv is io n  
c y c le  a f t e r  s t a r t  does not req u ire  s ig n if ic a n t  growth and th a t  
tr a v e r se  o f  s t a r t  does req u ire  growth to  a c r i t i c a l  s i z e .
Bud emergence occurs sh o r t ly  a f t e r  s t a r t  and can be used  as a 
marker fo r  th e  in i t i a t i o n  o f  a D N A -division c y c le .
The f a c t  th a t  cdc mutants b locked  a t  variou s s ta g e s  o f  th e  
c e l l  c y c le  are  a b le  to  con tin u e growth and ach ieve  volum es, m asses 
and p r o te in  co n ten ts  2 -3  tim es th o se  o f  e x p o n e n tia lly  growing 
c e l l s ,  i s  ev idence th a t th ere  i s  no co n tro l l im it in g  growth in  the  
absence o f  d iv is io n .  Strong support fo r  the b a s ic  te n e ts  o f  the  
model have come from, Jagadish  & C arter (1977); S la t e r ,  Sharrow &
C art ( 1977);  Tyson, Lord & Wheals (1979 ); and Lord & Wheals ( I 98I ) .
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The r e la t io n s h ip  between growth and d iv is io n  in  Saccharomyces 
c e r e v is ia e  i s  em phasised by th e fa c t  th a t  the d iv is io n  o f  budding  
y ea st i s  asym m etrical -  a t  a l l  growth r a te s  the new (daughter) 
c e l l s  are bom  sm a lle r  than th e  o ld  (p a ren t) c e l l .  As the growth  
ra te  decreases t h i s  d if fe r e n c e  i s  g r e a te r  (Beran, 1968; Hayashibe 
& Sando, 1970; Vrana, 1976; H artw ell & Unger, 1977; C arter &
Jagadish , 1978a; Lord & W heals, I 980) .  The daughters bom  a t  a 
sm a ller  s iz e  req u ire  a lo n g er  p eriod  o f  growth b e fo re  reaching th e  
c r i t i c a l  s iz e  n ecessa ry  fo r  i n i t i a t i o n  o f  the D N A -division c y c le .  
Mother c e l l  volume in c r e a se s  during the c e l l  c y c le  and th ere fo re  
they  must be bom  g r e a te r  than th e c r i t i c a l  s iz e  ajid need n ot undergo  
an e x te n s iv e  p er io d  o f  growth b efore  i n i t i a t i n g  s t a r t .  Consequently  
d if fe r e n c e s  in  c y c le  tim es between mothers and daughters are  
observed . E quations have been d erived  to  determ ine c e l l  c y c le  age 
d is tr ib u t io n  ( H artw ell & Unger, 1977)» mean c e l l  age and volume 
(Tyson, Lord & W heals, 1979) and the g e n e a lo g ic a l age d is tr ib u t io n  
(Lord & W heals, I 980) in  e x p o n e n tia lly  growing p o p u la tio n s .
S h ilo  cind h is  co-w orkers have measured th e  k in e t ic s  w ith  
which c e l l s  com plete s t a r t  and found them to  be approxim ately f i r s t  
ord er, su g g estin g  th a t  tr a v e r se  o f  s t a r t  i s  p r o b a b i l i s t ic  (S h ilo ,  
S h ilo  & Simchen, 1976; S h ilo ,  Simchen and P ardee, 1978; S h ilo ,
Ridde & Pardee, 1979) s im ila r  to  mammalian c e l l s  (Sm ith & M artin, 
1973; Brooks, B en n ett & Sm ith, I 98O). C ontroversy has a r ise n  over  
t h i s  is s u e  (Nurse & F an tes , 1977; W heals, 1977; S h ilo ,  S h ilo  & 
Simchen, 1977)* Nurse ( I 98O) has proposed th a t  both  d e te r m in is t ic  
and p r o b a b i l i s t ic  even ts  occur a t  s t a r t ,  and Wheals ( I 982) has
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expanded th is  id ea  and has experim ental ev idence to  support m odels 
fo r  con tro l o f  s t a r t  in  which y e a s t  c e l l s  in c lu d e  a s tro n g ly  
d eterm in istic  elem ent r e la t in g  to  c e l l  s i z e  to g e th e r  with a  
sloppy s ize -m o n ito r in g  mechanism th a t  perm its a degree o f  
randomness in  th e  behaviour o f  c e l l s  o f  s im ila r  s i z e s .
N utrien t r e g u la tio n  o f  s t a r t
C e lls  deprived  o f  carbon and energy , a n itro g en  sou rce , 
su lp h a te , phosphorus, potassium  and b io t in  a r r e s t  b efo re  bud 
emergence and th e com pletion' o f  th e  cdc28 fu n c tio n  (H artw ell, 1974). 
C e lls  le a v e  th e  m ito t ic  c y c le  and e n te r  s ta t io n a r y  phase p r io r  to  
tra v er se  o f  s t a r t ,
Unger & H artw ell (1976) su ggested  th a t th e s ig n a l  fo r  
m onitoring a l l  n u tr ie n ts  was generated  a t  th e  l e v e l  o f  p ro te in  
s y n th e s is .  Johnston & S in g er  ( I 98I ) proposed an in te g r a te d  
sequence o f  resp o n ses  o f  a t  l e a s t  th ree s t e p s .
The f i r s t  i s  some a sp e c t  o f  p ro te in  sy n th e s is  s im ila r  to  th e  
p rop osa l o f  Unger & H artw ell (1 9 7 6 ). A second s te p  i s  the  
production  o f  ribosom al p recu rsor  RNA ( rpreRNA). RNA sy n th e s is  
in h ib ito r s  cause c e l l s  to  accum ulate a t  s t a r t  (Johnston & S in g er , 
1978; Bedard, S in g er  & Johnston , I98O; S in g er , Johnston & Bedard, 
1978; S in ger & Johnston , 1 9 7 9 ). Although th ere  i s  l i t t l e  e f f e c t  
on mRNA and SRNA p ro d u ctio n , th ere  i s  a s ig n i f ic a n t  d ecrease in  
th e  r a te  o f  rpreRNA p roduction  and i t s  p ro c e ss in g  to  y ie ld  mature 
RNA. By the use o f  m a  m utants Johnston & S in g er  ( I 980 ) showed
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th a t i t  i s  rpreRNA. production  th a t  i s  b e in g  c o n tr o lle d . The th ir d  
s tep  i s  s t a r t  i t s e l f ,  the s ta g e  s e n s i t iv e  to  mating pheremone. 
a r r e s t  by mating pheremone should  not a f f e c t  p ro te in  or RNA 
sy n th e s is  and t h is  i s  the case (Throm & Duntze, 1970).
Chromosome behaviour a t  s t a r t
Folded chromosomes can be i s o la t e d  from y e a s t  which change 
t h e ir  sed im en tation  p r o f i l e s  a s  th ey  progress through th e DNA- 
d iv is io n  c y c le  (Pinon & S a l t s ,  1977) and c h a r a c te r is t ic  Ĝ  and G  ̂
forms can be id e n t i f i e d .  S ta tio n a ry  phase c e l l s  sta rv ed  o f  n itro g en  
have a c h a r a c te r is t ic  Ĝ  form (P in on , 1978) a n d c < fa c to r  a r r e ste d  
c e l l s  show another form, even though both treatm ents r e s u l t  in  
a r r e s t  a t  s t a r t  (P inon & P r a t t ,  1 9 7 9 ). ^  fa c to r  a r r e ste d  c e l l s  can 
e n te r  s ta t io n a r y  phase and v ic e  v e r sa , w ithout e n ter in g  a fu r th er  
m ito t ic  c y c le  (Pifion & P r a tt ,  1 9 7 9 ). They proposed th a t  c e l l s  
le a v e  th e  c y c le  a t  s t a r t  and, depending upon th e  c o n d itio n s  
cau sin g  a r r e s t ,  e n te r  a s p e c i f i c  r e v e r s ib le  pathway. In terchange  
between pathways w ith in  a s t a r t  "area" i s  p o s s ib le  i f  th e  co n d itio n s  
change. In an a / ^  d ip lo id  th e  s ta t io n a r y  phase pathway can be 
extended in to  sp o r u la t io n .
Length o f  Ĝ
A lte r in g  the growth r a te  by n u tr it io n a l l im ita t io n  or o th er  
means changes the in t e r v a ls  o f  th e  c e l l  c y c le  (M itch iso n , 1971). 
R esu lts  comply w ith  th e  id ea  th a t most o f the in c r e a se  in  c y c le  tim e 
th a t  occurs when the growth r a te  i s  slowed occurs in  th e  in te r v a l  
from d iv is io n  to  s t a r t ,  i . e .  when c e l l s  are tr y in g  to  reach  the
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c r i t i c a l  s i z e .
The in te r v a l from bud emergence to  d iv is io n ,  com pletion o f  
DNA sy n th e s is  to  d iv is io n ,  in i t i a t i o n  o f  DNA s y n th e s is  to  d iv is io n ,  
ex ecu tio n  o f  cdc28 and cdc7 fu n c tio n s  to  d iv is io n  and the in te r v a l  
from th e  execu tio n  p o in t fo r  m ating fa c to r  response to  d iv is io n ,  
have a l l  been rep orted  to  be co n stan t w ith  g en era tion  tim es from  
2 -6  hours (von Meyenburg, I968 ; S la te r ,  Sharrow & G art, 1977; 
Jagad ish  & G arter, 1978; B arford & H a ll, 1976; C arter & Jagad ish , 
1978b; Jagadish  & C arter , 1 9 77 ).
C r itic ism  can be l e v e l l e d  a t  some o f  th e  a n a ly se s . For 
exam ple, ( l )  Saccharomyces c e r e v is ia e  s u f fe r s  from a weak genomic 
s ig n a l when f lo w  m icroflu orim etry  i s  used and c le a r  d e f in i t io n s  
o f  c e l l  c y c le  phases are  d i f f i c u l t  (S la t e r ,  Sharrow & G art, 1977)»  
( 2 ) The wrong eq u ation  has been u sed  (von Meyenburg, I 968 ) , and ( 3 ) 
In te r p r e ta t io n  o f  autoradiograph r e s u lt s  a ls o  needs the c o rr ec t  
a n a ly s is  (R iv in  & Fangman, 1980a).
Where the c o r r e c t  eq u ation  f o r  the le n g th  o f  th e budded phase 
(B) i s  u sed , th ere  i s  an in c r e a s e , however s l i g h t ,  in  B w ith  an 
in c r e a s in g  p op u la tion  doubling  tim e and t h i s  in c r e a se  i s  l in e a r  
(WheaJLs, 1982b; Tyson, Lord & W heals, 1979; Lord & W heals, I 98I ) .  
Most v a r ia t io n  was s t i l l  in  the in te r v a l  from d iv is io n  to  bud 
em ergence.
The in c r e a se  in  B w ith  in c r e a s in g  growth r a te  in d ic a te s  th a t
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the r a te  o f  accuim ilation o f  some s t a g e - s p e c i f ic  components n ot  
p resen t in  ex cess  can be r a te  l im it in g  under c o n d itio n s  o f  slow  
growth (P r in g le  & H artw ell, 1 9 8 1 ), The volume a t  which bud 
in i t i a t io n  occurs v a r ie s  w ith  growth r a te  and c e l l  a g e . As th e  
growth ra te  in c r e a se s , c e l l  volume a t  bud i n i t i a t i o n  d ecrea ses  
showing a c h a r a c te r is t ic  J shaped curve (Joh n ston , Ehrhardt, 
L orincz & C arter, 1979; L orincz & C arter, 1979» Tyson, Lord & 
W heals, 1979; Lord & Wheals, 1 9 8 0 ). The mother c e l l  volume 
in c r e a se s  by about ten  p ercent a t  each g en era tio n  (H artw ell & 
Unger, 1977; L orincz & C arter, 1979; Johnston e t  a l , 1 9 7 9 ). S h if t  
up and s h i f t  down experim ents have shown th a t c e l l s  r e g u la te  t h e ir  
volume in  c lo se  to  s t a r t  (Johnston e t  a l , 1979; L orincz & 
C arter, 1979).
A rep ort by R iv in  and Fhngman ( 1980a) found th a t a s  th e  
growth r a te  in c r e a se s  th e prop ortion  in  G^, S and G  ̂ remained  
con stan t a t  0.25» 0 .5 0  and 0 .2 5  r e s p e c t iv e ly .  N itrogen  l im ita t io n  
may be producing a d if f e r e n t  resp o n se , or perhaps b a s ic  amino a c id  
in h ib it io n  o f  DNA s y n th e s is  occurred .
Ĝ  in  Other Organisms
Ĝ  i s  a ls o  th e most f l e x i b l e  c e l l  c y c le  s ta g e  in  o th er  c e l l  
ty p e s . On average mammalian c e l l s  have doubling  tim es o f  18-20  
hours w ith  a Ĝ  o f  8-10 h ou rs. C e ll ty p es  w ith  a sh o r te r  doubling  
tim e have a sh o r ter  Ĝ  and th o se  growing more s lo w ly  have a lo n g er  
Ĝ  (M itch iso n , 1 9 7 1 ). This i s  the case fo r  c e l l s  o f  th e  same 
t i s s u e  grown a t  d if f e r e n t  r a te s  (Aoki & Moore, 1 9 7 0 )» and when
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cy c le  tim e i s  l im ite d  by n u tr ie n t  supply (Tobey, Anderson &
P etersen , 196?î G au tsch i, S ch in d ler  & H u m i, 1971).
The co n tro l o f  p r o l i f e r a t io n  in  mammalian c e l l s  i s  very  much an 
area o f  c o n f l ic t in g  id ea s  -  fo r  a review  se e  Yanishevsky and S te in  
( 1981) .  There i s  co n tra d ic to r y  data  on a s iz e - r e la t e d  requirem ent 
a t  or b efore  the in i t i a t i o n  o f  DNA s y n th e s is .  C e ll fu s io n  
experim ents su g g est th a t in  c y c l in g  c e l l s  en try  in to  S phase i s  
p o s i t iv e ly  c o n tr o lle d , w h ile  in  sen escen t c e l l s  th ere  i s  a ls o  a  
n eg a tiv e  co n tro l mechanism (Y anishevsky & S te in , 19 8 1 ). Smith and 
Martin (1973) proposed a t o t a l l y  d if f e r e n t  model, th e  T ra n sitio n  
P r o b a b ility  Model o f  c e l l  p r o l i f e r a t io n  which s ta te d  th a t th e  c e l l  
c y c le  has a con sta n t B phase from the in i t i a t i o n  o f  DNA sy n th e s is  
to  d iv is io n ,  and an A -s ta te ,  in  G^, from which c e l l s  have a 
con sta n t p r o b a b ility  per u n it  tim e o f  le a v in g  and r e -e n te r in g  B,
The model has con seq u en tly  been m od ified  (B rooks, B ennett & Smith, 
1980) .  Sm ith, Laurence and Rudland ( I 98I )  have s in c e  su gg ested  
th a t  a ttem p ts to  deduce mechanisms c o n s is te n t  w ith  k in e t ic  data  
are p o in t le s s  s in c e  many models can be a d ju sted  to  a ccep t new d ata . 
T heir co n c lu sio n  i s  f a l s e ,  and im portant data can be g lean ed  i f  
o th er  param eters a re  measured to g e th e r  w ith  th e k in e t ic  d a ta , or 
i f  perturbed  c e l l s  are  u sed . F urther experim ental work i s  
req u ired  to  c la r i f y  the confused  p ic tu r e  o f  r e g u la tio n  in  mammalian 
c e l l s .
In  Schizosaccharom yces pombe commitment to  the D N A -division  
c y c le  i s  lo c a te d  in  Ĝ  ̂ and i s  c o n tr o lle d  by th e  gene products o f
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cdc2 and cd c lO (Nurse & B i s s e t t ,  1 9 8 1 ). Completion o f  s t a r t  occurs  
a t  the beginn ing o f  the c e l l  c y c le  in  r a p id ly  growing c e l l s ,  but i s  
delayed to  l a t e r  in  the c e l l  c y c le  a t  s low er growth r a te s  (N urse, 
Thuriaux & Nasmyth, 1976; Nasmyth, 1 9 7 9 ).
Preparation fo r  S Phase
c e l l s  are in v o lv ed  in  p rep ara tion  f o r  S phase and a number 
o f  d if f e r e n t  S r e la te d  a c t i v i t i e s  have been id e n t i f i e d .  W alters, 
Tobey & R a t l i f f  (1973) showed th a t  enlargem ent o f  the p recu rsor  
pool o f  deo x y r ib o n u c le o tide tr ip h o sp h a te s  began in  la t e  Ĝ  in  GHO 
c e l l s .  Nex/ (1975) has s im ila r  r e s u l t s  f o r  Tetrahymena p y r ifo r m is . 
G urley, W alters and Tobey (1974) found h is to n e  HI p h osphorylation  
began in  the l a t t e r  h a lf  o f  Ĝ  in  GHO c e l l s . Some o f  th e  p ro te in s  
made in  Ĝ  are presumably enzym atic components o f  the r e p l ic a t io n  
complex s in c e  in h ib it io n  o f  Ĝ  p r o te in  s y n th e s is  p reven ts the  
i n i t i a t io n  o f  DNA s y n th e s is .  In  Saccharomyces c e r e v is ia e  a d d itio n  
o f  cyclohexim ide up to  a c r i t i c a l  p o in t  10 m inutes b efo re  s t a r t  o f  
S p reven ts en try  in to  S (W illiam son , 1 9 74).
The Nature o f  Ĝ
The view  th a t during Ĝ  a sequence o f  c e l l  c y c le  s p e c i f i c  
ev en ts  must occur to  prepare fo r  DNA sy n th e s is  has been q u estion ed  
by Gooper (1979) and L iskay (1 9 7 8 ) . A GHO l i n e  V79-8 la c k s  a 
d e te c ta b le  Ĝ  phase in  i t s  c e l l  c y c le  (G^“ ) . U sing som atic c e l l  
h y b r id s^ resu lts  show th a t  the G^" phenotype i s  dominant in  in tr a ­
s p e c i f i c  c r o sse s  but r e c e s s iv e  in  in t e r s p e c i f i c  c r o s s e s .
G^ V79-8 complements a t  l e a s t  two d if f e r e n t  Gĵ  d e f ic i e n t  c e l l  c y c le
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m utants, su g g estin g  th a t i t  r e ta in s  a t  l e a s t  some s p e c i f i c  
fu n ction s (L isk ay , 19 7 8 ). Cooper (1979) and L iskay (1978) 
propose th a t G  ̂ i s  p resen t not because ev en ts  s p e c i f i c  to  G  ̂ are  
tak ing p la ce  but because even ts  s p e c i f i c  to  growth have n ot y e t  
occurred in  s u f f i c i e n t  q u a n t i t ie s . S in ger and Johnston (1981)  
have ex p er im en ta lly  t e s t e d  t h is  id e a  in  Saccharomyces c e r e v is ia e  
and t h e ir  r e s u l t s  p a r t ia l ly  agree w ith  t h i s  p ro p o sa l. T h eir work 
complements th a t  d isc u sse d  in  Chapter 4 and w i l l  be an a lysed  in  
fu r th e r  d e t a i l  th e r e .
In summary Ĝ  i s  ch a ra c te r ised  by a la r g e  v a x ia t io n  in  le n g th  
th a t accounts f o r  most o f  the in c r e a se  in  c e l l  c y c le  le n g th , i s  the  
p o in t o f r e g u la tio n  o f  the c e l l  c y c le ,  and undergoes a c t i v i t i e s  to  
prepare the c e l l  f o r  DNA s y n th e s is .
S Phase
Saccharomyces c e r e v is ia e , l i k e  o th er  eukaryotes r e p l ic a t e s  i t s  
genome p e r io d ic a l ly  during a d i s t in c t  p ortion  o f  the c e l l  c y c le ,  the  
S p hase. To m ain tain  p lo id y  each chromosome must be r e p l ic a te d  once 
and th e  daughter chromosomes c o r r e c t ly  apportioned  to  each c e l l .
RNA tr a n s c r ip t io n  con tin u es during S phase o f  many ty p es o f  
c e l l s  (M itch ison , 1971) and has been observed on both  daughter  
s tra n d s during r e p l ic a t io n  in  D rosoph ila  (McKnight & M ille r ,  1977). 
The d isru p tio n  o f  th e  chromosomes by th e passage o f  th e r e p l ic a t io n  
fo rk  may a l t e r  th e  c o n tr o l o f  the r e p l ic a t in g  g e n e s . T h is may be 
a fa c to r  in  the r e g u la t io n  o f  h is to n e  genes which are exp ressed  in  S
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in  many typ es o f  c e l l s  (E lenberg & Huberman, 1975) in c lu d in g  
Saccharomyces c e r e v is ia e  where the s y n th e s is  o f  h is to n e  mRNA i s  
t i g h t ly  and c o -o r d in a te ly  reg u la te d  w ith  th e r e p l ic a t io n  p ro cesses  
(H ereford e t  I98I ) .  Gene dosage i s  a ls o  t r a n s ie n t ly  a lt e r e d  
during S and t h i s  may be im portant in  the tim ing o f  c e l l  c y c le  
e v e n ts .
DNA S tructure
The amount o f  DNA per h ap lo id  genome in  Saccharomyces c e r e v is ia e  
i s  9 X lO^d or 1 .4  X lO^kb (L auer, R oberts & K lo tz , 1977; B ic k n e ll  
& D ouglas, 1970) and the number o f  lin k a g e  groups i s  17 (Mortimer & 
Hawthorne, 1 9 7 3 ). E stim ates o f  th e s iz e  o f  chromosomal DNA range 
from 3  X 10^ -  1 .4  x 10^ dal ton s (P ete s  & Fangman, 1972) and
O Q
4 X 10 -  6 X 10 d a lto n s  (B lam ire e t  a l ,  1972), the average
g
m olecu lar w eight was c a lc u la te d  to  be 6 x 10 d a lto n s  (P e te s  & 
Fh,ngman, 1972).
Y east chromosomes con ta in  b a s ic  p r o te in s  w ith  th e  same e le c t r o ­
p h o r e tic  m o b il i t ie s  a s  the h is to n e s  H2a, H2b, H3 and H4 o f  h igh er  
eu k a ry o tes . I t  i s  u n certa in  whether y e a s t  has a h is to n e  comparable 
to  HI, a y e a s t  p r o te in  w ith  s im ila r  e le c tr o p h o r e t ic  p r o p e r tie s  has 
been found, however the r a t io  o f  ly s in e  to  a rg in in e  was con sid erab ly  
l e s s  than th a t f o r  c a l f  thymus HI (Thomas & Furber, 1976;
S u c h ilie n e  & G in e i t i s ,  1978; Sommer, 1 9 7 8 ). M icrococcal and 
sta p h y lo co cca l n u c lea se  d ig e s t io n  has shown th a t y e a s t  n u clear  DNA 
i s  packaged a s  nucleosom es. The amount o f  DNA between ad jacen t  
y e a s t  nucleosom es was found to  be about 20 base p a irs , somewhat l e s s
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than th a t observed fo r  most h ig h er  eukaryotes (K om berg, 1977 ).
DNase I  d ig e s t io n  o f  y e a s t  chromatin in d ic a te d  th a t  the arrangement 
o f  DNA w ith in  th e  nucleosome was s im ila r  to  th a t o f  h igh er  
eukaryotes (Thomas & Furber, 1976; Lohr e t  a l ,  1 9 7 7 ).
DNA R ep lica tio n
Y east chromosomes i n i t i a t e  DNA r e p l ic a t io n  from m u ltip le  
r e p lic a t io n  o r ig in s  i between 10-40 jum ap art (Newlon e t  a l ,
1974; P e te s  & W illiam son, 1975h ). T his i s  s im ila r  to  v a lu es  in  
mammalian c e l l s  (Edenberg & Huberman, 1975). With an average  
prv^xn dvsVance o f  30 um, and th e  average y e a s t  chromosome b ein g  
230 Aim (P e te s ,  Byers & Fangman, 1973) th ere w i l l  be 8 o r ig in s  per  
chromosome and I 36 in  th e h ap lo id  genome. This may be an under­
e s tim a te  a s  r e p l ic a t in g  chromosomes observed by rr\icre»s»cop  ̂or ou' ô
radiography may contain  o r ig in s  th a t  have n ot y e t  been a c t iv a te d  
(P e te s ,  1980) .  DNA r e p l ic a t io n  i s  b id ir e c t io n a l  from each in i t i a t io n  
s i t e  suid the ra te  o f  fork  movement a t  24°G was 0 .7  x 10^ d a lto n s/m in . 
per r e p l ic a t io n  fork  (P e te s  & W illiam son, 1 9 7 5 a ). In a d if f e r e n t  
d ip lo id  s t r a in  a t  25°G i t  was 0 ,82  x 10^ d a lto n s/m in . (Johnston  & 
W illiam son, 1978) w hile  in  a h a p lo id  s tr a in  a t  30°C a r a te  o f  
2 . 1- 0 .56  jum/min. (3 .7 8  -  1 .0  x  10^ d a lto n s /m in .)  was rep orted  (R iv in  
& Fangman, 1980b).
In h ig h er  eukaryotes and prokaryotes DNA i s  sy n th e s iz e d  
i n i t i a l l y  a s  sm all "Okazaki" fragm ents (Edenberg & Huberman, 1 9 75 ).
In experim ents in  which y e a s t  c e l l s  were la b e l le d  fo r  2 m in s. ,  sh ort  
s in g le -s tr a n d e d  DNA m olecu les were observed (Johnston  & W illiam son,
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1978). Johnston and Nasmyth (1978) i s o la t e d  DNA from a tem perature  
s e n s i t iv e  y e a s t  mutant d e fe c t iv e  in  the DNA l i g a s e  enzyme and found 
th a t s in g le -s tr a n d e d  DNA fragm ents accum ulated a t  the r e s t r i c t iv e  
tem perature but not the p e r m iss iv e . I t  should  be noted th a t  sm all 
s in g le -s tr a n d e d  DNA fragm ents can be generated  by m isin corporation  
cuid e x c is io n  o f  u r a c i l ,  so  th e ex a c t nature o f  th e se  fragm ents 
remains u n cer ta in .
C ontrol o f  DNA S yn th esis
The c o n tro l o f  DNA s y n th e s is  and i t s  c o -o rd in a tio n  in  th e c e l l  
cy c le  has been s tu d ie s  by H artw ell and h is  co-w orkers (H a rtw ell,
1971a; H artw ell, 1976 ). He is o la t e d  tem perature s e n s i t iv e  mutants 
d e fe c t iv e  in  DNA s y n th e s is ;  cdc8 and cdc21 were c l a s s i f i e d  as  
e lo n g a tio n  mutants and cdc4 , % and 28 a s  DNA i n i t i a t i o n  m utants.
The in i t i a t i o n  m utants, a lth ou gh  req u ired  fo r  i n i t i a t i o n  o f  S 
phase may not be d ir e c t ly  in v o lv e d  in  the p ro cess  (H ereford &
H a r tw e ll, 1974). cdc2 l has been shown to  be d e fe c t iv e  in  the  
enzyme thym idylate sy n th e ta se  (Game, 1976; B isso n  & T hom er, 1977)tTV\e. 
nniAatxV cdc8 i s  n ecessa ry  f o r  error-prone re p a ir  a lth ou gh  i t  does n o t code 
fo r  a DNA polym erase (Prakash, H inkle & Prakash, 1979) and cdc9j 
o r ig in a l ly  thought to  be a n u c lea r  d iv is io n  mutant, i s  d e fe c t iv e  in  
DNA l ig a s e  (Johnston & Nasmyth, 1978). C onsidering the number o f  
p r o te in s  known to  be in v o lv e d  in  DNA r e p l ic a t io n  i t  i s  su r p r is in g  
th a t  so  few  DNA s y n th e s is  mutants are known, and s tu d ie s  are now 
underway to  i s o la t e  more p o s s ib le  mutants (Thomas & Johnston , 1981).
R esu lts  ob ta in ed  w ith  p u lse  treatm ent o f  syn ch ron ized  y e a s t
— 20 —
c u ltu r e s  w ith  n itro so g u a n id in e  (Burke & Fangman, 1975; Sim &
Haber, 1975) where d if f e r e n t  l o c i  were mutagenised  a t  d if f e r e n t  
tim es during S phase, and th e o b serv a tio n  th a t some y e a s t  chromo­
somal segments when in s e r te d  in to  a recombinant DNA plasm id and 
tr a n sferred  back in to  a y e a s t  c e l l  were capable o f  autonomous 
r e p l ic a t io n  w h ile  o th ers were n ot (H innen,H icks & Fink, 1978;
S truh l e t  1979)» in d ic a te  th a t  th e  DNA r e p l ic a t io n  o r ig in s  
are d e fin ed  sequences on the chromosome and th a t in d iv id u a l  
r e p l ic a t io n  o r ig in s  r e p l ic a te  in  th e  same order in  S phase in  
d if f e r e n t  c y c le s ;  a s i s  found in  mammalian c e l l s  (Adegoke &
T aylor, 1 9 7 7 ).
Extrachromosomal DNA
The o th er  gene system s in  Saccharomyces c e r e v is ia e  have a ls o  
been s tu d ie d . Many s tr a in s  con ta in  sm all extlachrom osom al DNA 
m olecu les 2 ynm in  le n g th , th e  2 /im p lasm id s. There are between  
50-100 c o p ie s  per c e l l  and each copy r e p l ic a te s  once in  th e  c e l l  
c y c le ,  during th e S phase (Z akian, Brewer & Fangman, 1 9 7 9 ). They 
req u ire  th e  same gene fu n c tio n s  f o r  r e p l ic a t io n  a s  chromosomal DNA 
(P e te s  & W illiam son, 1975; L iv in g sto n  & Kupfer, 1978 ). M itochondrial 
DNA sy n th e s is  i s  con tinuous throughout the c e l l  c y c le  (Sena e t  a l ,
1975) and req u ir es  th e  gene fu n c tio n s  fo r  DNA e lo n g a tio n  but not 
DNA i n i t i a t i o n  (Newlon & Fangman, 1 9 7 5 ). A new c la s s  o f  e x tr a -  
chromosomal DNA, 3 DNA, has been d isco v ered  by L arianov, G risk in
and Smirnov ( I 98O). I t  i s  a  chromosomal r e p e t i t iv e  u n it  o f  rDNA. 
N othing i s  y e t  known o f  i t s  r e p l ic a t io n .
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Length o f  S Phase
The le n g th  o f  S phase in  Saccharomyces c e r e v is ia e  has been  
measured u sin g  a v a r ie ty  o f  tech n iq u es and under a number o f  growth 
c o n d it io n s ,
W illiam son ( I 965) u sin g  a d ip lo id  s tr a in  rep orted  th a t  
in corp oration  o f  la b e l le d  adenine in to  DNA was alm ost e x c lu s iv e ly  
during the f i r s t  q u arter  o f  the c e l l  c y c l e , The in i t i a t i o n  o f  
DNA sy n th e s is  occurred a t  the same tim e a s  bud em ergence, and S 
phase la s t e d  fo r  27% o f  the c e l l  c y c le ,  32 m inutes o f  a  120 minute 
doubling tim e.
H artw ell (1970) used the r a te  o f  in co rp o ra tio n  o f  la b e l le d  
u r a c i l  to  e stim a te  S phase in  a «jiploid s tr a in  synchron ized  by 
r e n o g r a ffin -su c r o se  d e n s ity  g r a d ie n ts . S phase occupied  30% o f  
the c e l l  c y c le ,  la s t in g  40 m inutes o f  a  135 minute doubling  tim e.
Bud emergence occurred midway through S .
Barford & H all (1976) measured S in  a d ip lo id  s tr a in  by counting  
the fr a c t io n  o f  c e l l s  la b e l le d  in  a p u lse  o f  ^  a d en in e . They 
v a r ied  th e growth r a te  by changing th e  carbon source and found S 
to  be 45 m inutes lo n g  in  c u ltu r e s  w ith  doubling tim es o f  9 2 , 181 
and 435 m inutes. Bud emergence occurred  sh o r t ly  b efo re  the in i t i a t io n  
o f  DNA s y n th e s is .
Flow m icro flu orim etry  has a ls o  been u t i l i s e d  to  e s t im a te  the  
le n g th  o f  S . S la t e r ,  Sharrow & Gart (1977) found th a t S was con stant
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a t  20 minutes in  a d ip lo id  s tr a in  w ith  c y c le  tim es between 85-258  
m inutes. Bud emergence and DNA i n i t i a t i o n  were in d is t in g u is h a b le .  
V aria tion  in  the growth r a te  was a ch iev ed  by changing the carbon 
source and o th er  n u tr it io n a l f a c t o r s . A s im ila r  a n a ly s is  by 
Johnston e t  a2 ( I 98O) on th e  same s t r a in ,  where growth r a te  was 
v a r ied  by changing the n itr o g e n  so u rce , again  showed bud emergence 
and DNA sy n th e s is  to  be in d is t in g u is h a b le , but th ere  was a fo u r  fo ld  
in c r e a se  in  S from 18-72 m inutes w ith  a c y c le  tim e in c r e a se  o f  
144-456 m inutes.
R ivin  and Fangman (1980a) u s in g  th ree  d if f e r e n t  autoradiography  
tech n iq u es in  n itro g en  l im ite d  c u ltu r e s  found th a t ,  r e g a r d le ss  o f  
th e  n itro g en  source or method o f  e s t im a tio n , th e S phase occupied  
approxim ately 30%  o f  th e  c e l l  c y c le .  In t h i s  h a p lo id  s tr a in  bud 
emergence occurred halfw ay through S.
D esp ite  th e number o f  methods em ployed, or perhaps because o f
them, no c le a r  cu t p ic tu r e  o f  th e  le n g th  and v a r ia b i l i t y  o f  S
phase in  Saccharomyces c e r e v is ia e  e x i s t s .
Experim ents w ith  the drug hydroxyurea have fu r th e r  confused  
th e p ic tu r e . S la te r  (1973) and H artw ell (1976) found th a t  a l l  
th e  budded c e l l s  in  an ex p o n en tia l cu ltu re  com pleted a round o f  
DNA r e p l ic a t io n  in  th e  p resen ce o f  hydroxyurea. The drug norm ally  
produces a rap id  and s p e c i f i c  in h ib it io n  o f  DNA s y n th e s is ,  th ere fo re  
DNA sy n th e s is  must have been com pleted by th e tim e o f  bud em ergence.
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From the data  a gen era l p ic tu re  o f  a sh o r ter  S phase in  d ip lo id s  
compared to  h ap lo id s em erges. W illiam son (1981) su ggested  th a t  the  
d iffe r e n c e  could  be due to  a l l  r e p lic o n s  f i r in g  a t  the s t a r t  o f  S 
in  d ip lo id s ,  w h ile  in  h ap lo id s r e p lic o n s  f i r e  throughout S . In  
p re-m eio tic  DNA s y n th e s is  th e S phase la s t e d  an average o f  65 min. 
R ep licon s iz e  and r a te  o f  fork  movement were the same as  in  m ito t ic  
c e l l s ,  a t  28 ;um and 0 .7  jLun/min. r e s p e c t iv e ly ,  th ere fo re  th e  average  
r e p l i con must be com pleted in  about 20 min. O rigin a c t iv a t io n  in  
the m e io t ic  c e l l s  i s  con sid erab ly  s ta g g ered , (W illiam son, p erson a l 
com m unication). There i s  rec en t evidence which c o n tr a d ic ts  t h is  
h y p o th e s is . Fangman (p erson a l communication) has observed th a t  a  
d ip lo id  has a lo n g er  S than i t s  is o g e n ic  h a p lo id . He a ls o  found 
th a t  S phase le n g th  can d i f f e r  s ig n i f ic a n t ly  between mothers and 
d au gh ters .
Length o f  S Phase in  Other Organisms
Among majrunalian c e l l s  th e  S phase remains con stan t in  duration  
between c e l l s  o f  d if f e r e n t  s p e c ie s  or o f  d if f e r e n t  t i s s u e s , 6 -8  
hours o f  an 18-20 hour c y c le  t im e . A few t i s s u e s  have a lo n g er  S 
phase o f  12-13 hours (M itch ison , 1971 ). Human lymphoid l i n e s  
(Aoki & Moore, I970) , OHO c e l l s  (Tobey, Anderson & P ete rso n , I967) 
w ith  d if f e r e n t  c y c le  tim es and murine c e l l s  grown a t  d if f e r e n t  
r a te s  due to  n u tr it io n a l  l im it a t io n  (C au tsch i, S ch lin d er  & H um i, 
1971)1 showed l i t t l e  v a r ia t io n  in  S phase le n g th . K illa n d e r  and 
Z etterb erg  ( I 965) found th a t  in  21 mouse L c e l l  l in e s  th e le n g th  
o f  S + Gg was in v e r s e ly  r e la te d  t o  Ĝ , ranging from 4 -18  hours.
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C e lls  In d if f e r e n t  developm ental s ta g e s  show la r g e  d if fe r e n c e s  
in  the len g th  o f  S. Cultured c e l l s  o f  D. m elsinogaster req u ire  10 
hours to  complete S ( D o lf in i ,  Courgeon & T iep o lo , 1970) whereas 
cleavage n u c le i d iv id e  every  9*6 m inutes w ith on ly  3 .4  m inutes o f  
in terp h ase  (B lum enthal, K r ie g s te in  & H ogness, 1973)• C allan  
observed s im ila r  r e s u lt s  w ith  the newt T ritu ru s ( C a lla n ,1972; 1973)*  
Somatic c e l l s  a t  25°C req u ire  2 days to  tr a v e r se  S , w h ile  c e l l s  o f  
the neurala  take on ly  2 hours. Sperm atocytes a t  18°C need a 
p rem eio tic  S o f  9 -10  d ays. Snow (1977) found mouse embryos w ith  a 
t o t a l  c y c le  tim e o f  two hours, con sid erab ly  l e s s  than the minimum 
S phase p rev io u s ly  rep orted  o f  6 hours.
Cause o f  V aria tion  in  S
C lea r ly  la r g e  v a r ia t io n  in  th e  tim e req u ired  fo r  DNA r e p l ic a t io n  
e x i s t s  and th ere  are p ro cesse s  which cou ld  be r a te  determ ining fo r  
S, r e p l i con i n i t i a t i o n  and sp a c in g , and fork  r a te .
C allan  (1972; 1973) measured fork  ra te  and in te r o r ig in  d is ta n ce  
o f  r e p l ic a t in g  DNA from so m atic , neurada and sperm atocyte c e l l s .  In  
th e sperm atocytes r e p lic o n s  were to o  fa r  apart fo r  tandem o r ig in s  
to  be measured, in  the som atic c e l l s  they  were lOO m icrons apart 
and in  the n eu rala  40 m icrons. Fork r a te s  were s im ila r  on each c e l l  
ty p e . The sh o r te r  the S phase the c lo s e r  the tandem o r ig in s ,  S 
phase can be a lt e r e d  by a c t iv a t io n  o f  d if f e r e n t  s e t s  o f  o r ig in s .  
Blum enthal e t  ^  (1973) a ch ieved  s im ila r  r e s u l t s  between cleavage  
n u c le i  o f  D rosoph ila  and cu ltu red  c e l l s .  Fork r a te s  were comparable 
but cu ltu red  c e l l s  had a fo u r - fo ld  g r e a te r  in te r o r ig in  d is ta n c e .
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T his does not account fo r  such a v a s t  d if fe r e n c e  in  S , and the  
authors proposed th a t r a t e - l im it in g  a d ja cen t o r ig in s  are so  fa r
■ /
apart th a t stran d  breakage p reven ts them b ein g  measured.
A c tiv a tio n  o f  new r e p lic o n s  through S has been advanced to  
ex p la in  the continuous requirem ent f o r  p ro te in  sy n th e s is  d u rin g  
DNA r e p l ic a t io n  in  many eu k aryotes . Muldoon e t  ^  (1971) d iv id e d  
the S p eriod  in  Physarum polycephalum  in to  ten  s ta g e s  each w ith  a  
requirem ent fo r  p ro te in  s y n th e s i s . Recent work by Evans ^  ad 
( 1976) has c a s t  doubt on t h i s  in te r p r e ta t io n .  Continuous p r o te in  
s y n th e s is  i s  not n ecessary  fo r  com pletion  o f  S in  Saccharomyces 
c e r e v is ia e  (H ereford & H artw ell, 1973» W illiam son, 1973) and P e te s  
and W illiam son (1975a) proposed th a t  a l l  r e p l ic a t io n  o r ig in s  in  
y e a s t  are a c t iv a te d  e a r ly  in  S . Care should  be taken in  a n a ly s in g  
th e  r e s u l t s  o f  experim ents where p r o te in  s y n th e s is  i s  in h ib it e d  a s  
the e f f e c t  depends upon th e in h ib i t o r ,  the dose and the type o f  
c e l l  (S tim ac, Housman & Huberman, 1977).
E ukaryotic c e l l s  e x h ib it  r e p l ic a t io n  fork  r a te s  ranging from  
0 .2  -  4 .0  mi crons/m in . (Edenberg & Huberman, 1 9 7 5 ). R ates o f  DNA 
s y n th e s is  can change during S phase (K lev ecz , K eniston  & Deaven, 
1975; C o ll in s ,  1978 ). This cou ld  be due to  the a c t iv a t io n  o f  new 
r e p l ic o n s , but measurements have shown th a t fork  r a te s  in  mammalian 
c e l l s  vary 2 or 3 fo ld  during S . (Housman & Huberman, 1975; P a in te r  
& S c h a e ffe r , 1 9 7 1 ). The p a ttern s  o f  r e p l ic a t io n  during S depends 
on th e  c e l l  ty p e , and u n fo r tu n a te ly  a ls o  on th e method o f  a n a ly s is  
( C o l l in s ,  1978) .
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In Saccharomyces c e r e v is ia e  R ivin  and Fangman (I980h) found  
th a t fork  r a te s  were in v e r se ly  p ro p o rtio n a l to  th e  le n g th  o f  S 
phase and th a t fork  ra te  v a r ia t io n  cou ld  account e n t ir e ly  fo r  the  
S phase v a r ia t io n . Fork ra te  was con sta n t throughout S , There 
was no changes in  o r ig in  to  o r ig in  d is ta n c e s ,  ad jacen t o r ig in s  
were a c t iv a te d  w ith in  a few m inutes o f  each o th er , and new a c t iv a t io n s  
occurred throughout S.
From the d if f e r e n t  experim ents i t  i s  c le a r  th a t S phase i s  a  
h ig h ly  ordered and reg u la ted  programme o f  e v e n ts , y e t  th ere  i s  
p l i a b i l i t y  w ith in  th e system . O rigin  sp acin g  can be changed 
during developm ent and fork  r a te  changed when th e  growth r a te  i s  
n u t r it io n a l ly  l im it e d .  The new approach in  Saccharomyces c e r e v is ia e  
o f  s e le c t iv e  len g th en in g  o f  S p h ase , w ithout a l t e r in g  the doubling  
tim e , by in h ib ito r s  (S in g er  & Johnston , 1981 ), or l im it in g  thym id- 
y la te  to  thymine req u ir in g  mutants ( t h i s  work), should  le a d  to  a  
fu r th e r  understanding o f  the c o n tr o l o f  S and i t s  co -o rd in a tio n  
w ith  th e  r e s t  o f  th e c e l l  c y c le .
Gg and M Phases
Gg i s  the s ta g e  in  the c e l l  c y c le  when the n u c lea r  DNA con ten t  
has doubled and the chromosomes are uncondensed. M i s  th e  sta g e  
where th e  chromosomes condense and are p a r t it io n e d  e q u a lly  
between the mother and bud. The c e s s a t io n  o f  in co r p o r a tio n  o f  
r a d io a c tiv e  p recu rsors in to  chromosomal DNA marks the S/G^ boundary. 
The Gg/M boundary i s  d i f f i c u l t  to  determ ine and i t  depends upon 
when the chromosomes are judged to  be in  prophase. Chromosome
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condensation  cannot be observed in  y e a s t  and n u clea r  d iv is io n  
morphology i s  used  to  mark the end o f  , In most c e l l  c y c le
a n a ly s is  M i s  not measured se p a r a te ly  b u t in c lu d ed  w ith  G^.
In Saccharomyces c e r e v is ia e  S la te r  e t  a l  (1977) found the  
G^, M and G^* in te r v a l in crea sed  two fo ld  where th e  in c r e a se  in  
doubling tim e was th ree  f o ld ,  growth r a te  was changed by a l t e r in g  
the carbon source and o th er  n u t r ie n t s , When th e  growth r a te  was 
a lte r e d  by n itro g en  l im ita t io n  th e  r e s u l t s  were th e  sajne (Johnston  
e t  1980) .  Barford and H all (1976) observed a th ree  f o ld  in cr ea se  
in  G  ̂ w ith  a f iv e  fo ld  in c r e a se  in  doubling tim e , whereas M was 
c o n s ta n t .
The le n g th  o f  G  ̂ v a r ie s  accord in g  to  the s p e c ie s  and t i s s u e  
o r ig in . Among am phibia, very e a r ly  embryos have no G  ̂ a t  a l l ,  but 
a f t e r  g a s tr u la t io n  i t  can account fo r  over 50^ o f  th e  c e l l  c y c le  
(Graham & Morgan, I966) . In d if f e r e n t  mammalian t i s s u e s  G  ̂ ranges  
between 0 .5  ~ 5*0 hours (M itch ison , 1 9 71 ). V a r ia tio n  in  mammalian 
c e l l  doubling tim e accom plished  by u sin g  d if f e r e n t  serum l o t s
(Tobey e t  1967) or l im it in g  am inoacids. (G autsch i e t  a d , 1971)
show a con stan t G^. I t  i s  a ls o  con stan t in  in d iv id u a l c e l l  l i n e s
o f  th e  same type w ith  d if f e r e n t  doubling  tim es (Aoki & Moore, 1 9 7 0 ).
When g r e a te r  a l t e r a t io n s  in  growth r a te  are a ch iev ed  by g lu co se  
l im ita t io n  G  ̂ i s  s ig n i f i c a n t ly  in c r e a se d .
Rao and Johnson (1974) in  t h e ir  s tu d ie s  on Hela heterokaryons  
found th a t  Ĝ  n u c le i  could  be ch a ra c te r ised  by s u s c e p t i b i l i t y  to
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condensation  upon fu s io n  w ith  a m ito t ic  c e l l ,  and in s e n s i t i v i t y  to  
r e - i n i t ia t io n  o f  DNA s y n th e s is  when fu se d  w ith  la t e  or S phase  
c e l l s .  Ĝ  n u c le i cou ld  sh orten  th e Ĝ  o f  another n u c leu s . The 
r e s u l t s  imply th a t  p r o te in s  n ecessa ry  fo r  chromosome condensation  
are made during Ĝ  and th a t  fa c to r s  must be p resen t in  th e  n u cleu s  
th a t co u n tera cts  in d u cers o f  DNA s y n th e s is .
The Ĝ  phase prepares th e  c e l l  fo r  nuclesLr d iv is io n  and i s  
v a r ia b le  in  le n g th  when growth i s  l im it e d ,  a lthough  on a much 
sm a lle r  s c a le  than G^.
There i s  s tro n g  ev idence th a t  RNA s y n th e s is  i s  very much reduced  
in  m ito t ic  c e l l s ,  presumably because DNA cannot be tra n scr ib ed  
when th e  chromosomes are in  a h ig h ly  condensed s t a t e .  In some 
c e l l s  p ro te in  s y n th e s is  i s  a ls o  reduced, in  o th ers  i t  con tin u es a t  
an u n a ltered  r a te .
A l l  p rev ious d ata  are fo r  p o p u la tio n s . I t  i s  now c le a r  
(Lord & W heals, I98I )  th a t  th ere  i s  a ls o  co n sid era b le  v a r ia b i l i t y  
between in d iv id u a l c e l l s ,  knowledge o f  which must a ls o  be in te g r a te d  
in to  our understanding o f  c o n tro l o f  the c e l l  d iv is io n  c y c le .
Two methods o f  in v e s t ig a t in g  the co n tro l and co -o r d in a tio n  o f  
the c e l l  c y c le  have been n e g le c te d . F i r s t ly ,  exam ination  a t
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extrem ely f a s t  and extrem ely  slow  growth r a t e s ,  and seco n d ly , the  
e f f e c t s  o f  a lt e r in g  the le n g th  o f  a c e l l  c y c le  phase w ith ou t  
a lt e r in g  th e p op u la tion  doubling tim e . The aim o f  the p r o je c t  
was to  study in  d e t a i l  both o f  th e se  a r e a s .
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CHAPTER TWO
M ater ia ls  and Methods
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MATERIALS AND METHODS
GHEMOSTAT
Organism A w ild  type h a p lo id  s tr a in  o f  Saccharomyces c e r e v is ia e  
obtained  from Dr. G.F. R oberts, G en etics Department, U n iv e r s ity  o f  
L e ic e s te r , was used  fo r  th e chem ostat a n a ly s is .  A d e r iv a t iv e  o f  
S288G, i t  i s  d es ig n a ted  S288C /l (Lord & W heals, 1 9 80 ).
Medium YEPD medium was used*, i t  con ta in ed  lOg y e a s t  e x tr a c t ,  20g 
b a c te r io lo g ic a l  peptone and 20g g lu co se  p er l i t r e .  I t  was f i l t e r e d  
tw ice  through Whatman GF/D and GF/F f i l t e r s  to  remove any p a r t i c l e s , 
and then s t e r i l i s e d  by a u to c la v in g .
Growth co n d itio n s  Continuous c u lt iv a t io n  was ca rr ied  out in  a 
cc 1500 ferm enter (L.H . E n g in eer in g , Stoke P oges, B u ck s.) u sin g  a 
working volume o f  2 l i t r e s .  The tem perature was m aintained  a t  
30°C, th e a ir  f lo w  a t  2 1 min ^ , th e  s t i r r e r  speed  a t  600 rev  min ^ , 
and th e  pH a t  5»5 r eg u la te d  by th e  a d d itio n  o f  IM-HCL or IM-KOH.
Foam form ation was reduced by the a d d it io n  o f  a  3% ( v /v )  s o lu t io n  
o f  s i l i c o n e  DC antifoam  em ulsion  MIO ( Hopkin & W illiam s, Chadwell 
Heath, E sse x ) . A fte r  a change in  the d i lu t io n  ra te  (eq u a l t o p ) ,  
the cu ltu re  e q u i l ib r ia t e d  a f t e r  20 1 o f  th e  medium had passed  
through the v e s s e l  and new measurements were then ta k en . Samples 
were f ix e d  w ith  a  s a l in e  form aldehyde s o lu t io n  co n ta in in g  0 .95̂
NaCl and ^  form aldehyde and b r ie f l y  so n ic a te d  to  d isp e r se  clumped 
c e l l s .
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Bud s  car a n a ly ses  Bud sc a r  a n a ly s is  was ca rr ied  out on sam ples o f  
c e l l s  which were in  the mid ex p o n en tia l phase o f  growth. Where 
n ecessa ry , c e l l  su sp en sion s were con cen trated  by c o l le c t io n  on a  
m ic r o f i l t e r .  The c e l l s  were s ta in e d  w ith  a 2 mg/ml s o lu t io n  o f  
c a lc o f lo u r  (a  g i f t  from J . P eb erd y). C e lls  were view ed a t  X 1 ,250  
by u sin g  in c id e n t  UV l i g h t  w ith  ap p rop ria te  f i l t e r s  and a L e itz  
Orthoplan p h a se -c o n tr a st m icroscope. The number o f  c e l l s  in  each  
o f  the fo llo w in g  c a te g o r ie s  were determ ined: ( l )  unbudded daught­
e r s ,  ( 2 ) budded d au ghters, ( 3 ) unbudded parents w ith  n s c a r s ,  
and (4 ) budded parents w ith  n s c a r s .  The number o f  budded c e l l s  
and t o t a l  sc a r s  was determ ined. At l e a s t  1 ,000  c e l l s  were scored  
a t  each growth r a t e .
C e ll number and c e l l  volume measurements C e ll counts and volume 
were determ ined by u s in g  a model 111 LTS E le c tro zo n e /C e llo sco p e  
(P a r t ic le  Data I n c . ,  E lm hurst, 1 1 1 .)  f i t t e d  w ith  a 60-um o r i f i c e  
tu b e . C e ll volume d is tr ib u t io n s  were obtained  by u s in g  a N uclear  
Data Model 1100 A nalyser System (N uclear Data I n c . ,  P a la t in e ,  1 1 1 .)  
coupled to  a H ew lett-Packard X-Y p lo t t e r  (H ew lett-P ackard  I n c . ,  
Pasadena, C a l i f . ) .  Median c e l l  volumes were ob ta in ed  from the  
peaJts o f  the normal d is t r ib u t io n  o f  volumes (on a lo g  s c a l e ) .  The 
equipment was c a lib r a te d  by u s in g  standard 5*7 pm d iam eter la t e x  
spheres (Dow Chemical C o .) .
Dry w eight D eterm ination  A 5 ml cu ltu re  sample was f i l t e r e d  
through a p r e -d r ie d , pre-w eighed , 0 .4 5  ^m p o r e - s iz e  c e l lu lo s e  
a c e ta te  Nuflow F i l t e r  (O xo id ), washed se v e r a l tim es in  d i s t i l l e d  Ĥ O
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and d r ied  to  a con stan t w eigh t in  a vacuum drying oven a t  120°C. 
Five samples were taken a t  each growth r a t e .
E stim ates o f D, P and B These were c a lc u la te d  by the maximum 
l ik e lih o o d  method from the bud sc a r  a n a ly s is  data  and th e  d i lu t io n  
ra te  (equal to  I n 2 / ^ ) as d escr ib ed  p rev io u s ly  (Lord & W heals, I98O ).
G enealog ica l age d is tr ib u t io n  The p red ic ted  frequency o f  c e l l s  a t  
d if f e r e n t  g e n e a lo g ic a l a^es can be c a lc u la te d  by s u b s t itu t in g  
es tim a te s  o f  P in t o ,
fo r  th e  fr a c t io n  o f  daughter c e l l s  and 
^ P ( n ) “ (1  ^
fo r  th e  fr a c t io n  o f  parent c e l l s  o f  g e n e a lo g ic a l age n where n i s  
equal to  the number o f  bud s c a r s  (Lord & Wheals, I98O).
Enzyme treatm ent Filam entous c e l l s  were tr e a te d  w ith  Zymolyase 50OO 
(K ir in  Brewery, TaJcasaki, Gumma P r e f . ,  Japan), a t  a co n cen tra tio n  
o f  0 .0 4  mg. Zymolyase per mg. dry w eight o f  y e a s t  fo r  2 to  3 hours 
a t  23°C ( 10$̂  o f  th e co n cen tra tio n  needed to  sphero.p last th e  c e l l s  
in  th e  same t im e ) .
5*-dTMP EXPERIMENTS
Organism The s t r a in  u sed , MB1093-ID, was su p p lied  by M artin  
Brende1 (F achbereich  B io lo g ie  der Johann Wolfgang von G oethe- 
U n iv e r s ita t ,  I n s t i t u t  Fur M ik r o b io lo g ie , 60OO Frankfurt/M ain,
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Federal R epublic o f  Germany). I t  was a h a p lo id , p e t i t e ,  a mating 
type s tr a in  o f  Saccharomyces c e r e v is ia e  which was a low req u ir in g  
th erm osen sitive  auxotroph, capable o f  uptake o f  5 ' -dTMP
(B rendel, 1976).
Medium Medium N contained  6 .7  g D ifco  y e a s t  n itro g en  base w ithout  
amino a c id s , 2 .0  g D ifco  casam inoacids w ithout v ita m in s , 20g o f  
g lu c o se , and 0 .0 5 g  o f  both adenine and u r a c i l ,  added to  1 l i t r e  o f  
d i s t i l l e d  w ater. Where ap p rop ria te  Agar (o x o id  No. 3) was added a t  
a co n cen tra tion  o f  20g 1 . The medium was f i l t e r e d  to  g iv e  p a r t ic le
fr e e  s o lu t io n s  and s t e r i l i s e d  by a u to c la v in g , excep t fo r  th e y e a s t  
n itro g en  base which was f i l t e r - s t e r i l i s e d .  YEPD medium used  as  
d escr ib ed  above had adenine and u r a c i l  added a t  co n cen tra tion s o f  
0 . 0 5 e  1"^.
5*-dTMP was ob ta ined  as th e disodium  s a l t  (S igm a). Medium N 
was supplem ented w ith  5 ' “dTMP from a con cen trated  f i l t e r - s t e r i l i s e d  
sto ck  s o lu t io n .
Growth co n d itio n s  C e lls  were grown, e i th e r  a t  th e p erm issive  
tem perature o f  23°C or the r e s t r i c t iv e  tem perature o f  36°C, w ith  
shaking in  50-100 mis o f  medium in  250 ml Erlenmeyer f la s k s .  Samples 
were f ix e d  w ith  a s o lu t io n  o f  s a l in e  formaldehyde and b r ie f ly  
so n ic a te d  to  d isp e r se  clumped c e l l s .  Growth was determ ined by 
t o t a l  c e l l  count.
C e ll  number and volume measurements C e ll counts were determ ined as
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d escr ib ed  ab ove. C e ll volume a t  bud emergence was an alysed  by a  
Watson im age-shearing  eye p ie c e  (V ick ers , E ngland). At l e a s t  50 
c e l l s  were counted fo r  each g e n e a lo g ic a l age a t  each co n cen tra tio n .
Alpha fa c to r  The alpha fa c to r  was su p p lied  by th e P ep tide  
I n s t i t u t e  I n c . ,  Osaka, Japan. I t  was used  a t  a co n cen tra tion
g
s u f f i c i e n t  to  keep 10 c e l l s  a t  th e  b lock  p o in t fo r  one g en era tio n  
t im e .
Bud sc a r  a n a ly se s . E stim ates o f  D, P and B These were ca rr ied  out 
as p r e v io u s ly  d escr ib ed  (se e  ab o v e).
N uclear s ta in in g  The f lu o r e s c e n t  dye 4 ' ,  6 -d iam id in o -2 -p h en y lin d o le  
(DAPI) (a  g i f t  from Don W illiam son) was used to  v i s u a l i s e  n u c lea r  
morphology. The dye was added to  10^ c e llso l'a co n cen tra tio n  o f
0 .5  p g /m l. ,  l e f t  overn igh t a t  4°G, and the c e l l s  then examined 
under UV l i g h t  (W illiam son & F en n el, 1975 )•  At l e a s t  1000 c e l l s  
were an a lysed  a t  each 5 ' -dTMP co n cen tra tio n .
Iso to p e  Whole c e l l  autoradiography employed ( m ethyl- ^ )
Thymidine 5*-monophosphate, ammonium s a l t  45 Gi/m M (Amersham 
I n te r n a t io n a l L t d .) .
P rep aration  fo r  whole c e l l  autoradiogram s Asynchronous c u ltu r e s  
were grown to  m id -exp on en tia l phase (4-7x10^  c e l l s  ml”^) a t  36°G, 
and r a d io la b e lle d  5*-dTMP added to  the req u ired  r a d io a c tiv e  con cen t­
r a t io n .  A fte r  15 m inutes sam ples were taken fo r  autorad iography.
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and f ix e d  in  s a l in e  form aldehyde. C e lls  were then f i l t e r e d ,  washed 
and l e f t  to  stand  a t  4°G fo r  30 m inutes in  10^ t r ic h lo r o a c e t ic  a c id  
(TGA) . The c e l l s  were c o l le c t e d  on membrane f i l t e r s  ajid washed f iv e  
tim es w ith  ic e - c o ld  phosphate b u ffe r . The c e l l s  were then resu spen ­
ded to  a con cen tration  o f  10^ c e l l s /m l .  0 .1  o f  the c e l l  su sp en sion  
was added to  m icroscope s l id e s  th a t had been c lean ed  w ith  aceton e  
and then coated  w ith  a th in  f ilm  o f  egg albumen. The sample was 
spread a cro ss  the s l id e  and a ir  d r ie d .
The dry s l id e s  were dipped in  I lfo r d  em ulsion a t  43°G th a t  
had been d ilu te d  1:1 w ith  2^ g ly c e r o l .  The em ulsion was a llow ed  to  
dry f l a t  fo r  45 m in u tes, and then s to red  in  se a le d  s l id e  boxes a t  
4°G. A fter  exposure o f  3 -6  weeks th e s l id e s  were developed  fo r  6 
m inutes in  a 1 :5  d i lu t io n  o f  I l f o r d  p h e n iso l, washed tw ice  in  
d i s t i l l e d  w ater, f ix e d  fo r  8 m inutes in  a 30% sodium th io su lp h a te  
s o lu t io n ,  and f i n a l l y  washed fo r  15 m inutes in  running w ater .
S lid e s  were then examined m ic r o sc o p ic a lly  fo r  th e p resence or  
absence o f  g r a in s .
RNase was added a t  a con cen tra tio n  o f  10 mg/ml fo r  45 m inutes 
a t  37°G, DNase was added a t  a co n cen tra tion  o f  1 mg/ml.





A n a ly sis  o f  the c e l l  c y c le  v ia  m anipulation o f  the growth ra te  
i s  a u s e fu l method fo r  understanding temporal c o n tr o ls . One method 
fo r  a lt e r in g  th e growth ra te  i s  by changing the flow  ra te  o f  a  
l im it in g  n u tr ie n t  in  a chem ostat. The major advantages o f  a 
chem ostat a r e , th a t  the growth medium i s  the same over th e growth 
range u sed , and th a t th e  c e l l  c y c le  cam be examined a t  extrem ely  
f a s t  and extrem ely  slow  growth r a t e s ,  where normal co n tro l methods 
might be s tr e tc h e d  to  the l i m i t s .
D esp ite  t h is  th e  chem ostat i s  a much underused apparatus in  
c e l l  c y c le  a n a ly ses  o f  Saccharomyces c e r e v is ia e . V aria tion  in  c e l l  
cy c le  tim es by g lu c o s e - l im ite d  chem ostat has been accom plished, 
although  no d e ta i le d  a n a ly s is  has been made (von Meyenberg, I968 ; 
Jagadish  & C arter , 1977; 1978; C arter & Jagad ish , 1978 ). The 
im p lic i t  assum ption has been th a t the r e s u lt s  are e q u iv a le n t to  
th ose  fo r  batch  c u ltu r e .
Very in t e r e s t in g  o b serv a tio n s  have been noted  w ith  Candida 
u t i l i s . During hypertroph ic growth in  a tw o-stage  ferm enter  
secondary bud form ation was se e n . T his would occur i f  th e doubling  
tim e was so  f a s t  th a t th ere  was in s u f f i c i e n t  tim e fo r  com pletion  o f  
the budded phase, in  t h i s  case a second bud would appear on the  
parent b efo re  the f i r s t  bud has sep arated  (Vrana, 1973)* I n te r e s t ­
in g ly  th ey  a ls o  cla im  th a t  some c e l l s  during h ypertroph ic growth 
do n ot con ta in  DNA, a lth ou gh  th ey  have reached the s i z e  o f  t h e ir  
mother c e l l s  or had another daughter c e l l  (Vrana, L ieb lova  & Reran,
1973).
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The aims o f  the work rep orted  here were to  use a chem ostat 
t o ,  ( l )  an a lyse  th e c e l l  c y c le  o f  Saccharomyces c e r e v is ia e  over a 
wide range o f  growth r a t e s ,  ( z )  t o  examine hypertroph ic growth a t  
f a s t  growth r a t e s ,  ( 3 ) to  see  how fa r  th e  p r e d ic t io n s  o f  th e  
H artw ell and Unger model apply to  chem ostat grown c e l l s ,  and (4 )  
to  compare th e  r e s u l t s  w ith  th o se  o f  the same s tr a in  in  batch  
cu ltu re  to  se e  whether th e q u a n t ita t iv e  r e la t io n s h ip s  are s im ila r .
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RESULTS
Asymmetrical Age D is tr ib u t io n
The r e s u l t s  from th e bud sc a r  a n a ly se s  are p resen ted  in  
Table 1 , E stim ates o f  th e daughter c y c le  tim e (D ) , the parent  
c y c le  tim e (P) azid the duration  o f  th e  budded phase (b) were 
c a lc u la te d  u s in g , the d i lu t io n  r a te  o f  th e  c u ltu r e , the number o f  
unbudded daughter c e l l s ,  the number o f  unbudded parent c e l l s ,  th e  
number o f  budded c e l l s ,  th e to ta l, number o f  sca rs  and the eq u ation s  
d er iv ed  from th e  H artw ell and Unger model by Lord and Wheals ( I 98O). 
The r e s u lt s  are shown in  Table 2 and the v a lu es  o f  D, P and B 
p lo t te d  a g a in s t  p op u la tion  doubling tim e ( ^ )  in  F igure 1 . The 
r e s u l t s  are p resen ted  on a double lo g a r ith m ic  p lo t  in  order to  
accommodate th e  la r g e  number o f  p o in ts  a t  th e  low er end o f  the  
s c a l e . There are c le a r ly  two d i s t in c t  phases fo r  a l l  th ree  para­
m eters, both o f  which are l in e a r ly  r e la te d  toTT ( Table 3 )•
I t  was su g g ested  (Lord & W heals, I98O) th a t th e  age d i s t r ib ­
u t io n  fo r  asym m etrica lly  d iv id in g  c e l l s  became the same a s  th a t  fo r  
sym m etrica lly  d iv id in g  c e l l s  a t  th e  maximum balanced  growth r a t e ,
1 . e .  a t  ^bmax, D=P=%r. I f  th e  l i n e s  o f  D and P a t  the s low er  
growth r a te s  are ex tr a p o la te d  D would equal P a n d ^ a t  170 m inutes. 
T his does not occur because a t  doubling tim es l e s s  than 200 m inutes 
a second phase occurred in  which the fr a c t io n  o f  daughter c e l l s  
rem ained co n stan t a t  approxim ately  55^» The r a t io  o f  D:P i s  
shown in  Table 2 and th e  constancy o f  D c le a r ly  v i s i b l e  in  F igure
2 , where the r a t io  o f  D:P i s  p lo t te d  a g a in s t  th e  s p e c i f i c  growth
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Table 3* Daughter c y c le  tim e ( d ) ,  parent c y c le  time (P) and 
budded p er io d  ( b ) a s  a  fu n c tio n  o f  th e p op u la tion  
doubling tim e ( ^ ) .
The v a lu es  were ob ta in ed  by l in e a r  r e g r e s s io n , the  
c o r r e la t io n  c o e f f i c i e n t  b ein g  good in  a l l  c a s e s . The 
f a s t  growth r a te s  in c lu d ed  v a lu es  f a s t e r  than
= 200 m inutes: th e slow  growth r a te s  in c lu d ed  
v a lu es  s lo w er  than XT® I96 m in u tes. A ll v a lu es  are  
exp ressed  in  m in u tes.
F ast growth Slow growth
P er iod  r a te s  r a te s
D 1.04"^+9 1 .7 1 X -1 2 8
( r 2 = 0.98) ( r 2 = 0 ,99)
0 . 9 6 t - 8  0.50^^+82
( r 2 = 0,98) ( r 2 = 0 .97)
B O .7Æ +6 O .llX + 1 0 8
( r 2 3 0.95) ( r 2 = O.6I)







Doubling tim e,T \m ln)
Fig 1. Daughter cycle  tim e D #, parent cy c le  
time P a , and budded period Bo as  a function 
of the population doubiing t im e  I^ .The s c a le  
is logarithmic on both axes .
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Specific growth rate,u(h'^
Fig 2 . Ratio of daughter D to  parent P 
cycle tim e time as  a function of the specifi 
growth rate
r a te  (^ ) .  As y. decreased  from 0 .2  to  0 .05» the r a t io  o f  daughters  
to  parents in cr ea se d  u n t i l  a t  th e  s lo w e s t  growth r a te s  th ere  are  
more than tw ice  as many daughters a s  p aren ts in  the p o p u la tio n .
Bud emergence i s  dependent on s t a r t  (H artw ell ^  197^) and i t
has been su g g ested  th a t s t a r t  occurs a t  th e b ir th  o f  a parent (Lord 
& Wheals, I98O). A p lo t  o f  P-B a g a i n s t ^  would r e v e a l whether th e  
in te r v a l  between th ese  two ev en ts  was con stan t or v a r ie d  w ith  th e  
growth r a te .  F igure 1 in d ic a te s  th e P-B in te r v a l in cr ea se d  
l in e a r ly  w ith X  excep t a t  the f a s t e s t  growth r a te  where i t  seemed 
to  remain co n sta n t.
At doubling tim es l e s s  than 80 m inutes sm a ll, s ta b le  clumps 
o f  y e a s t  c e l l s  were found c o n s t itu t in g  on ly  1-2% o f  th e p op u la tion  
( s e e  b e lo w ).
F igure 3 compares th e  v a lu es  o f  D, P and B found in  chem ostat 
c u ltu r e  w ith  th ose  found in  batch  cu ltu r e  (Lord & W heals, I 98O) 
over th e  same range o f  doubling  tim es (70-250 m in u te s ) . Apart 
from th e  b ip h a s ic  nature o f  th e  chem ostat va lu es  th e  main d if fe r e n c e s  
from b atch  cu ltu r e  are a lo n g e r  P and B and a s h o r te r  D p er io d .
G en ea lo g ica l Age D is tr ib u t io n
The method and th eory  o f  determ ining the g e n e a lo g ic a l age 
d is t r ib u t io n  have been d escr ib ed  by Lord and Wheals ( I 980) .  The 
p r e d ic te d  v a lu es  were c a lc u la te d  u s in g  th e two e s t im a te s  o f  P in  
Table 3* F igure 4 shows th e  p red ic te d  v a r ia t io n  in  th e  p ercen tages  
o f  c e l l s  o f  d i f f e r e n t  g e n e a lo g ic a l ages w ithTT . At doubling  tim es















Doubling t im e ,^ (m in )
Fig3 .  Daughter cycle time D, parent 
cycie tim e P and budded period B as a 
function  of the popuiation doubling time  
Batch-grown ceils  —  and chem ostat - 






















F ig4. Relative frequency of cells  of different 
genealogical ages as a function of the population
doubling tim e line curves ore c a l c u l a i from 
Lord ond UlWealg. Toble 3
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g r e a te r  than 200 minutes thie g e n e a lo g ic a l age d is tr ib u t io n  v a r ie d  
due to  the pronounced asymimetrical c e l l  d iv is io n .  At doubling  
tim es l e s s  than 200 minutes th ere  was l i t t l e  p red ic te d  change in  
any o f  the d if f e r e n t  age c l a s s e s , as exp ected  from Figure 1 ,  
Experim ental v a lu es  o f  the percentage o f  c e l l s  a t  d if f e r e n t  ages  
i s  shown in  Table 4  and th e v a lu es  fo r  c e l l s  o f  age 1 and age 2 
are p lo t te d  in  F igure 5» The data g iv e  a good f i t  to  the p r e d ic te d  
va lu es fo r  th e  asym m etrical d iv is io n  model and c le a r ly  do n o t f i t  
the p r e d ic tio n s  o f  a sym m etrical d iv is io n  model where the percen tage  
o f  ajid ?2 should  remain con stan t a t  25 and 12.5^  r e s p e c t iv e ly .
The data  cam be amalysed by a "box and w hiskers" p lo t  ( F igure  
6 ) .  The p lo t  i l l u s t r a t e s  the r e la t io n s h ip  o f  th e  observed to  
expected  freq u en c ie s  o f  c e l l s  o f  d if f e r e n t  g e n e a lo g ic a l ages over  
th e ramge o f  growth r a te s  u sed . As th e  r e la t iv e  frequency o f  c e l l s  
d e c lin e s  w ith  g e n e a lo g ic a l a g e , a n a ly s is  i s  norm alised  by talking 
square r o o ts  o f  both observed (O) and expected  (E) vailues in  order  
to  make the d if fe r e n c e s  o f  comparable m agnitude. The d if fe r e n c e  
between the square r o o ts  o f  th e observed  and exp ected  fr e q u e n c ie s  
a t  each o f  th e  tw enty growth r a te s  i s  p resen ted  in  th e  form o f  a 
box e n c lo s in g  th e c e n tr a l 50^ o f  th e  data p o in ts  (th e  median i s  
in d ic a te d  by a cro ss  b a r ) , and w hiskers extend to  th e  extreme 
v a lu es  (a  d if fe r e n c e  o f  -  0 .5  on th e ord in a te  in d ic a te  a departure  
from the exp ected  va lu e o f  ^ l6  when th e number counted was 2 5 0 ) .  
The data does not fo llo w  th e g en era l tren d  p red ic ted  from th e
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Fig 5. Relative frequency of parent cells of 
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Fig6. Relationship of observed to expected  
freq u en c ie s  of cells  of different genealogical  
ages over the range of growth rates.
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model in  th a t th ere  i s  an e x c e ss  o f  daughters and few er c e l l s  o f  
g en ea lo g ica l age 3 and o v er . T his was p a r t ic u la r ly  n o t ic e a b le  a t  
th e s lo w est growth r a te .
C ell Volume, Dry Weight and D en sity
Median c e l l  volume was con sta n t a t  the slow er growth r a te s  
736-300 m inutes but in crea sed  a t  doubling  tim es f a s t e r  than 3OO 
m inutes to  g iv e  a two f o ld  in c r e a se  a t  the f a s t e s t  r a te s  (F igu re  
? a ) . The dry w eight and number o f  c e l l s  per u n it  volume was 
measured and the dry w eigh t p er c e l l  c a lc u la te d  (F igure 7 b ) ,  The 
shape o f  the curve i s  similar" to  th a t  o f  the median c e l l  volume 
in d ic a t in g  th a t  i t  i s  n o t an u n sp e c if ie d  osm otic e f f e c t ,  but a 
r e a l e f f e c t  o f  m acrom olecular s y n th e s is .  The dry w eight per c e l l  
was d iv id ed  by th e median c e l l  volume to  g iv e  median c e l l  d e n s ity  
(F igure 7 c ) .  This rev ea led  a b ip h a s ic  r e la t io n s h ip  o f  d e n s ity  
to  T r , d e n s ity  decreased  a t  doubling  tim es from 736-150 and then  
sh arp ly  in cr ea se d  a t  th e f a s t e s t  growth r a t e s .  A ll  v a lu es  are  
shown in  Table 5»
P o s it io n  o f  th e  Bud Scar
The p o s it io n  o f  the bud sca rs  on c e l l s  o f  d if f e r e n t  g e n e a l­
o g ic a l  ages a t  d if f e r e n t  doubling  t im e s , exp ressed  as a p ercen tage  
o f  c e l l s  w ith  buds a t  th e  same p o le  i s  g iven  in  Table 6 , and the  
t o t a l  percentage i s  p lo t t e d  a g a in s t  doubling tim e in  F igure 8 , At 
th e f a s t e s t  growth r a te s  v ir t u a l ly  a l l  c e l l s  had t h e ir  bud sca rs  a t  
th e  same p o le  in  a p r e c is e ly  ordered sequence, but as th e  doubling  tim e 
in cr ea se d  so  d id  the fr a c t io n  o f  c e l l s  w ith  bud sc a r s  a t  both  p o le s .
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Table 5» C e ll number, dry w eigh t p er c e l l ,  volume and c e l l  
d e n s ity  a t  each .
(m in.)
C e ll number 
(xlO ^/m l)




C e ll d e n s ity  
(g m l- l)
75 0 .83 26.15 11.61 2 .2 5
80 0 .8 4 26.86 12.15 2.21
90 1.13 29.8 11.83 2.52
95 1.99 18 .77 12.81 1 .47
107 2.49 18 .02 11.54 1 .56
114 2.67 16.38 11.12 1.47
128 3 .03 16.47 9 .39 1 .7 5
136 3.82 16.96 8.97 1.89
146 4 .1 2 17.09 8 .94 1.91
167 5 .26 NM 9 .32 -
174 6.97 NM 8.55 -
196 7 .0 4 12.60 8 .2 5 1 .53
200 8.07 14 .78 8.11 1.82
241 8.62 15.19 7 .8 1 1 .94
322 8.32 15.20 7 .05 2 .15
361 8 .65 13.82 5.49 2 .5
398 8 .56 14 .29 NM —
429 9.11 14.60 NM —
540 8 .6 4 NM 7 .15 -
735 8.80 1 7 .0 4 6.62 2 .57
736 8 .45 NM NM
—  36  —
Table 6 , P ercen tages o f  c e l l s  w ith  buds a t  the same po le  
fo r  each g e n e a lo g ic a l age a t  each growth r a te .
(m in .) f l
C e lls
?2
w ith  buds a t
"3
th e  same 
^4
p o le  {%) 
Pn 4 T ota l
80 9 9 .5 99.1 95 100 100 9 8 .7
90 9 9 .5 99 .2 100 100 96 .9 9 9 .3
95 9 8 .5 9 9 .2 100 100 100 99.1
107 100 98 .3 97.9 96 95 .8 9 8 .8
114 99 .4 9 8 .3 100 100 100 9 9 .3
136 9 9 .5 9 8 .3 94 .7 100 93 .6 9 8 .1
146 9 9 .4 9 7 .5 9 5 .2 85 100 9 7 .5
167 9 8 .9 90.7 8 4 .8 82 .1 61.3 9 0 .4
174 94.0 95 .2 76.7 8 2 .8 60.7 8 8 .4
200 94 .2 8 0 .7 69.6 61.9 94.7 85.0
241 8 0 .2 74.1 73.9 66.7 4 4 .4 7 4 .6
322 7 0 .5 63 .3 36 .5 31.3 1 4 .7 50.7
361 8 1 .8 67.2 73.1 6 8 .4 53.9 7 2 .8
540 74.0 63.2 4 1 .1 35.3 1 1 .6 52.8
735 4 8 .3 33.0 19.6 10.0 3 .6 29 .3
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Fig8. Percentage of ce lls  with a 
contiguous array of bud scars as a 
function of the population doubling 
tim e 7r.
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or w ith  gaps in  th e sequence o f  s c a r s .  I t  can he deduced th a t  th e  
gaps in  the sequence are not f i l l e d  in  during subsequent c y c le s  
s in c e  the fr a c t io n  o f  c e l l s  w ith  d isord ered  sequences always 
in crea sed  w ith in c r e a s in g  c e l l  age ( Table 6 ) .
Filam entous Forms
At doubling tim es l e s s  than 80 m inutes sm all s ta b le  clumps o f  
y e a s t c e l l s  were found (F igure 9 a ) ,  the number o f  in d iv id u a l c e l l s  
in  th e se  clumps c o n s t itu t in g  1-2^ o f  the p o p u la tio n . The in d iv id ­
u a l c e l l s  could n ot be sep arated  from each o th er  by m ild so n ic a tio n ;  
r o u tin e ly  performed on a l l  chem ostat sam ples. The clumps cou ld  be 
broken up in to  sep ara te  c e l l s  by g e n t le  d ig e s t io n  w ith  Zymolyase 
5000 a t  co n cen tra tio n s th a t  d id  n o t ly s e  the c e l l s .  This techn ique  
has been used p r e v io u s ly  to  dem onstrate th a t c e l l s  can be a r t i f i c ­
i a l l y  sep arated  once c y to k in e s is  has occurred (H a rtw e ll, 1 9 7 1 ). The 
tr a c in g  (F igure 9b) shows th a t  th ere  are l6  daughters (age O) and l6  
p aren ts  o f  d if f e r e n t  g e n e a lo g ic a l a g e s , e ig h t  o f  age 1 , fo u r  o f  
age 2 , two o f  age 3 i and one each o f  ages 4 and 5« There i s  a h igh  
degree o f  synchrony w ith  a l l  but th ree  c e l l s  having v i s i b l e  sm all 
buds. Bud sc a r  a n a ly s is  showed th a t  asym m etrical d iv is io n  was 
occurring  fo r  the bulk o f  th e p op u la tion  ( s in g le  c e l l s ) , however 
symmetry i s  ev id e n t fo r  th e f ila m e n ts . F ilam ents o f  fou r  to  e ig h t  
c e l l s  u su a lly  showed s ig n s  o f  synchrony but as th e  number o f  c e l l s  
in cr ea se d  so  d id  the la c k  o f  synchrony. When th e  f ila m e n ts  were 
tr a n sfe r r e d  to  a g a r - s l id e  cu ltu re  th ey  remained s ta b le  but budded 
o f f  normal s in g le  c e l l s .  The enzyme d ig e s t io n  and so n ic a t io n  
experim ent s tr o n g ly  su g g ested  th a t  the c e l l s  had undergone c y to k in e s is
-  59 -
and probably primary septum form ation (Cabib, 1973) but had f a i l e d  
to  complete c e l l  se p a r a tio n .
— 60 —
Figure 9» (a ) Phase-cont r a s t  micrograph o f  f ila m e n t-
form ing y e a s t  c e l l s .
(b ) Drawing o f  (a ) w ith  g e n e a lo g ic a l age o f  the  
c e l l s  marked. There are 16 daughters (age O), 
e ig h t  parents o f  age 1 , fo u r  o f  age 2 , two o f  age 
3» and one each o f  age 4 and 5» Twenty-nine o f  the  
32 c e l l s  have sm all buds.
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DISCUSSION
C ell C ycle Parameters In  th e  Chemostat
In  batch cu ltu re  experim ents i t  has been shown th a t th e  
H artw ell suid Unger model (1977) o f  asym m etrical c e l l  d iv is io n  
provided  a q u a n tita t iv e  ex p la n a tio n  o f  the experim ental e s tim a tes  
o f  D, P and B, and th e  observed  v a lu es  o f  and F^^^^ (Lord & 
W heals, I98O ). I t  was p o s s ib le  to  t e s t  independently  a number o f  
assum ptions o f  th e  model and dem onstrate th a t th ey  were v a l id .
The same t e s t s  were a p p lie d  to  th e  p resen t data and the same 
g en era l c o n c lu s io n s  em erge. In p op u la tion s o f  c e l l s  growing in  
a chem ostat under balanced  s te a d y -s ta te  exp on en tia l growth 
co n d itio n s  i t  can be concluded th a t a t  any one growth r a te ,
( i )  d iv is io n  was asym m etrical (F igure l ) ,
( i i )  D > P >  B (F igure 1)
( i i i )  P was co n sta n t fo r  c e l l s  o f  d if f e r e n t  g e n e a lo g ic a l a g e .
F igure 6 shows th a t  th e  observed  frequency o f  c e l l s  o f  
d if f e r e n t  g e n e a lo g ic a l a g e s , was c lo se  to  th e  p red ic ted  
v a lu e , assum ing a co n sta n t P. The ra te  o f  en try  o f  
paren ts in to  age n + 1 i s  determ ined by the ra te  o f  e x i t  
o f  p aren ts o f  age n , a departure from exp ected  v a lu es  
cou ld  occur on ly  i f  c e l l s  sp en t lo n g er  or sh o r ter  tim es  
in  each parent c y c le .  There was l i t t l e  departure fo r  
c e l l s  o f  age P^, P^ and P^, c e l l s  o f  age 4 and g r e a te r  
cou ld  have lo n g e r  or sh o r te r  c y c le  t im e s , however t h is  
may n o t be the c a s e . The H artw ell and Unger model assumes 
im m orta lity  o f  c e l l s ,  but i f  th ere  was an in c r e a s in g
-  63 -
p r o b a b ility  o f death  w ith  in c r e a s in g  g e n e a lo g ic a l age t h is  
would decrease Fp and in c r e a se  F^ above i t s  exp ected  v a lu e , 
as was observed. I t  shou ld  a ls o  be noted th a t  a t  th e  h ig h er  
g en e a lo g ic a l ages very  few c e l l s  were counted compared to  
lower a g e s .
( iv )  B was the same fo r  daughters and parents o f  a l l  g e n e a lo g ic a l  
a g es . This was te s te d  by c a lc u la t in g  th e  fr a c t io n  o f  
budded parents a t  each age fo r  each growth r a te  (Fpg^) and 
su b tra c tin g  t h is  va lu e from th e mean v a lu e  (Fpg^ o f  the  
f iv e  age groups a t  th a t  growth r a te  (Table ? ) .  There was
no ev idence th a t the f r a c t io n  changes s ig n i f i c a n t l y  a t  
each g en e a lo g ic a l a g e . Hence i t  can be concluded th a t the  
budded phase fo r  parents o f  d if f e r e n t  g e n e a lo g ic a l ages w as 
c o n s ta n t.
(v ) The g e n e a lo g ic a l age d is t r ib u t io n  was a s  p r e d ic te d  by the  
model (F igure 4 ) .
This a n a ly s is  rev ea led  a c le a r  b ip h a s ic  l in e a r  r e la t io n s h ip  o f  
D, P and B t o ^  , the tr a n s it io n  p o in t b ein g  a t  about 200 m inutes in  
a l l  c a s e s . The monophasic l in e a r  r e la t io n s h ip  found in  batch  
c u ltu r e  s tu d ie s  was on ly  extended to  doubling tim es as slow  as  250 
m inutes and thus may on ly  have been r e le v a n t to  f a s t e r  growth r a te s  
(Lord & W heals, I980) .  Average c e l l  d e n s ity  ( ^  ) a ls o  changes a t  
a doubling tim e o f  about 200 m inutes, reach in g  a minimum a t  t h is  
doubling  tim e .
The t r a n s it io n  p o in t fo r  D, P and B corresponds alm ost e x a c t ly  
to  th a t found by Beck and von Meyenberg ( I 968) in  t h e ir  a j ia ly s is  o f
— 64 —
Table ? . Median value o f  (F^ -  ) fo r  each p aren ta l
age group +





4  - 0.0697
+ F.PBn, Number o f  budded c e l l s / t o t a l  number o f  c e l l s  fo r  p a ren ta l 
age group n; , mean v a lu e  o f  F when n = 1 , 2 , 3» ^ and 4,
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the le v e l  o f c e r ta in  enzymes o f  Saccharomyces c e r e v is ia e  in  
g lu c o se - lim ite d  chemostat cu ltu re  a t  30°C . At doubling tim es l e s s  
than 200 m inutes they concluded th a t  th e  c e l l s  were growing by  
"aerobic ferm entation"  w hile a t  s low er growth r a te s  " o x id a tiv e  
metabolism" was occurring .
Comparison o f  Chemostat and Batch C ulture
Figure 3 compares the va lu es  o f  D, P and B found in  chem ostat 
cu ltu re  w ith th ose  found in  batch  cu ltu re  over th e same range o f  
doubling tim es (70-250 m in u tes). The v a lu es  fo r  batch-grown c e l l s  
were redrawn from Lord & Wheals ( I 980) .  Apart from the b ip h a s ic  
nature o f  the chem ostat v a lu e s , th e  main d if fe r e n c e s  from batch  
cu ltu re  Eire lo n g e r  P and B p er io d s and a sh o r ter  D p er io d .
The r e la t io n s h ip  o f  D, P a n d '^  in  equation
e + e =* 1 where c x - s  In2/TL
r e v e a ls  th a t once two o f  the param eters are s e t ,  th e  th ir d  can be 
c a lc u la te d . B io lo g ic a l ly  under balanced  growth co n d itio n s  when 
mass doubling tim e eq u a ls  p op u la tion  doubling t im e , w ith  TT s e t , i t  
i s  P th a t determ ines D. This i s  because the daughter c y c le  tim e  
i s  determ ined by th e  p eriod  needed fo r  a daughter to  grow from 
b ir th  s iz e  to  c r i t i c a l  s i z e ,  a t  which parents are b om  (Johnston  
e t  a l , 1977) .  The b ir th  s iz e  o f  th e  daughter i s  determ ined in  turn  
by th e  tim e during which mass i s  sy n th e s iz e d  in  th e parent c y c le  and 
i t s  p a r t it io n in g  in t o  the bud during th e B p er io d . S in ce B i s  a 
pajrt o f  P, an e lo n g a tio n  o f  B w i l l  a ls o  e lo n g a te  P . The extended  
attachm ent o f  a bud to  a parent w i l l  r e s u l t  in  a la r g e r  daughter
-  66 -
a t  b ir th ,  which w i l l  thus have a correspon d in gly  sh o r ter  cy c le  
tim e. The e lo n g a tio n  o f  th e  B p eriod  and the interdependence o f  
D, P, B a n d t/ seem to  be th e p r in c ip a l reason s fo r  th e a lte r e d  
r e la t io n sh ip  seen in  chem ostat c u ltu r e , where the B p eriod  can be 
as much as 50 m inutes lo n g er .
The cause o f  th e  e lo n g a tio n  i s  unknown, but i t  cou ld  be 
r e la te d  to  r e l i e f  from c a ta b o lite  r e p r e ss io n . During exp o n en tia l 
growth in  batch  cu ltu re  th e carbon su b str a te  i s  p resen t in  e x c e ss  
w hile  in  chem ostat cu ltu re  the su b str a te  i s  c e r ta in ly  growth- 
l im it in g  a t  d ou blin g  tim es g r e a te r  than 100 m inutes (Beck & von 
Meyenberg, I968) . Such an exp la n a tio n  p r e d ic ts  th a t  a t  th e f a s t e s t  
growth r a te s ,  when the media in  chem ostat and batch cu ltu re  are  
id e n t ic a l ,  each param eter should  be id e n t ic a l  in  the two c o n d it io n s .  
At « 80 m inutes each  value in  b atch  cu ltu re  i s  w ith in  6 m inutes 
o f  the value in  chem ostat c u ltu r e .
The D and P curves fo r  batch  cu ltu re  converge to  e q u a lity  a t  
T r* 65 m inutes. A lthough u n a tta in a b le , i t  was p red ic ted  (Lord & 
Wheals, I98O) th a t a t  such a growth r a te  sym m etrical d iv is io n  would 
occur. No such e x p e c ta t io n  was p red ic te d  from e x tr a p o la t io n  o f  the  
chem ostat d a ta , y e t  sym m etrical d iv is io n  was seen  amongst a sm all 
percentage o f  c e l l s  when th ey  produced fila m e n ts  a t ^ ^  80 m inutes. 
The symmetry was r e v e a le d  by the id e n t i t y  o f  s i z e  and the synchrony 
o f  bud emergence o f  p aren ts and daughters ( s e e  b e lo w ). This  
ob serva tion  again  p o in ts  to  a s im i la r i t y  o f  behaviour o f  chem ostat- 
and batch-grown c e l l s  a t  the f a s t e s t  growth r a t e s .
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C ell volume d if fe r e n c e s  were a ls o  seen  between chem ostat and 
batch c u ltu r e s . Saccharomyces c e r e v is ia e  c e l l s  grown in  e i th e r  
g lu c o s e - l im ite d  or ammonium-limited chem ostats are la r g e r  a t  
fa ster -g ro w th  r a te s  (McMurrough & R ose, 196?; Mor & F ie c h te r , I 968) , 
as has been found here where th ere  i s  a two fo ld  d if fe r e n c e  in  
median c e l l  volume over th e growth ra te  s tu d ie d  (F igure 7) • More 
in t e r e s t in g ly ,  the la r g e s t  c e l l s  are s t i l l  sm a lle r  than th e  
sm a lle s t  c e l l s  o f  th e  same s tr a in  grown a t  f a s t  growth r a te s  in  
batch  cu ltu r e  (Lord & W heals, I98O ), in  c o n tr a s t  to  th e id e n t ic a l  
volumes found in  s im ila r  work by Johnston e t  a l  (1979)* The 
median c e l l  volumes d i f f e r  because the i n i t i a l  s i z e  f o r  tr a v e r se  
o f  s t a r t  i s  dependent on growth r a te  (Lord & W heals, I98O ). A 
s im ila r  n u trien t-m od u la ted  s iz e  co n tro l over d iv is io n  has been  
seen  in  S . pombe ( Fantes & N urse, 1977).
The co n c lu s io n s  from a comparison o f  ch em ostat- and b a tch -  
grown c e l l s  i s  c le a r .  The b io lo g y  o f  c e l l s  growing a t  th e  same 
growth r a te  can be q u ite  d i f f e r e n t  and cau tion  should  be e x e r c is e d  
in  e x tr a p o la tin g  from one s e t  o f  co n d itio n s  to  a n o th er .
P o s it io n  o f  the Bud Scar
S ta r t in g  from th e  b ir th  s c a r , buds on h ap lo id  c e l l s  are  
formed in  h ig h ly  ordered sequences as r in g s ,  rows o r  s p ir a ls  
(S tr e ib lo v a ,  1970; F r e i f e ld e r , I960) .  C ytoplasm ic m icrotubu les  
exten d  from the sp in d le  p o le  body (SPB), embedded in  the n u clear  
membrane, to  th e base o f ,  and sometimes in t o ,  th e  em erging bud. 
A fte r  d iv is io n ,  the SPB i s  a t  the o p p o site  p o le  to  b o th  the b ir th
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sca r  in  the daughter c e l l  and th e l a s t  bud sca r  in  th e  parent c e l l ,  
so th a t  i f  the SPB c o n tr o ls  th e  lo c a t io n  o f  the new bud i t  w i l l  have 
to  r e -o r ie n ta te  p r e c is e ly  a t  each c y c le  (Lord & W heals, I98O). One 
p o s s ib le  source o f  s p a t ia l  in form ation  cou ld  be the micro tu b u les  
exten d in g  in  from the l a s t  bud s c a r . At doubling tim es l e s s  thaii 
136 m inutes over 98^ o f  the p op u la tion  showed t h is  p r e c is e  co n tr o l  
but as the growth r a te  f e l l  so  d id  the degree o f  p r e c is io n  (F igure 8 ) .  
The i r r e g u la r i t ie s  could appear a t  any g e n e a lo g ic a l age w ith  the  
r e s u l t  th a t the o ld e s t  c e l l s  in  th e  p op u la tion  had h ig h e s t  probab­
i l i t y  o f  showing an ir r e g u la r  p a tte r n .
Filam ent Formation
The s ta b le  clumps o f  f ila m e n ts  observed a t  th e  f a s t e s t  growth  
r a te s  were o f  g rea t in t e r e s t  (F igure 9 ) •  This phenomenon seems to  
be d i s t in c t  from th e th ree o th er  known causes o f  f ila m en t form ation  
in  y e a s t s .  F i r s t ,  chain form ation  i s  w e ll  known to  occu r, p a r t ic ­
u la r ly  among brewing s tr a in s  o f  Saccharomyces c e r e v is ia e . However, 
i t  i s  found in  a l l  c e l l s  o f  th e  p op u la tion  and a t  a l l  growth r a t e s . 
Furthermore, the chains tend  to  break up during the s ta t io n a r y  
phase o f  th e growth c y c le ,  in  c o n tr a s t  to  th e s ta b le  s tr u c tu r e s  
rev e a led  here (which can n e v e r th e le s s  bud o f f  in d iv id u a l c e l l s ) .  
S econ d ly , dimorphism has been fr e q u e n tly  observed among th e  y e a s t ­
l i k e  fu n g i ( Stew art & R ogers, 1978) a lthough  n ot w ith  Sacchaxomyces 
c e r e v i s ia e . More im p o rta n tly , o b serv a tio n s on Mucor r o u x ii  grown 
in  chem ostat cu ltu re  (B a r tn ick i-G a rc ia , I968 ) showed th a t slow  
growth r a te s  favoured th e fila m en to u s form, and f a s t  growth r a te s  
th e y e a s t - l ik e  form, th e o p p o site  o f  ;diat was seen  h e r e . T h ird ly ,
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the phenomenon does not seem to  be pseudom ycelia l growth, s in c e  
th ere  was no marked e lo n g a tio n  o f  the bud, c h a r a c te r is t ic  o f  t h i s  
type o f  developm ent. The s tr u c tu r e s  d escr ib ed  are perhaps b e s t  
regarded as tru e filam en tou s m ycelia  w ith  com plete s e p ta t io n ,  the  
in d iv id u a l 'compartments' b e in g  more c y l in d r ic a l  than the normal 
p ro la te  spheroids o f  the in d iv id u a l c e l l s .
The f ila m en ts  do not seem to  be formed by th e same mechanism 
th a t causes secondary bud form ation , s in c e  in  f ila m e n ts  c e l l  
sep aration  i s  a b o lish e d , whereas in  secondary bud form ation  i t  
i s  m erely d elayed . A lthough c y to k in e s is  and c e l l  sep a ra tio n  are  
tr ig g e r e d  by the se q u e n tia l pathway o f  the c e l l  d iv is io n  c y c le ,  
they  are not an in te g r a l p art o f  the c y c le  and a fu r th e r  c y c le  can 
be in i t i a t e d  b e fo re  th ey  are com plete. This i s  in  agreem ent w ith  
th e r e s u lt s  o f  H artw ell (1971) u s in g  c e l l  d iv is io n  c y c le  mutants 
blocked  in  c y to k in e s is  and c e l l  s e p a r a t io n .
I t  can be seen  th a t a l l  c e l l s  had t h e ir  buds a t  the o p p o site  
p o le  to  th a t o f  the b ir th  s c a r , in  c o n tr a s t  to  th e  fr e e  in d iv id u a l  
c e l l s  (s e e  ab o v e). This fila m en to u s mode o f  grow th , away from the  
p o le  a t  which a c e l l  was b o m , le a d s  to  an in t e r e s t in g  comparison  
o f  th e c e l l  c y c le  o f  th e  norm ally u n ic e l lu la r  y e a s t  Saccharomyces 
c e r e v is ia e  w ith  th e  d u p lic a tio n  c y c le  fo r  fila m en to u s moulds (Fiddy  
& T r in c i, 1976; T r in c i, 1 9 7 8 ).
The d u p lic a tio n  c y c le  has th ree  p r in c ip a l fe a tu r e s  which can 
be summarised a s: ( l )  the a p ic a l  compartment i s  reduced to  h a l f  i t s
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le n g th  by se p ta tlo n ;  ( 2 ) the a p ic a l  compartment in c r e a se s  in  le n g th  
a t  a l in e a r  r a te ; ( 3) c r i t i c a l  n u c lea r  co n cen tra tion  t r ig g e r s  a 
round o f  m ito s is  and se p ta t io n  to  be com pleted a f t e r  a doubling  
in  s iz e  o f  the a p ic a l compartment. The l a s t  com pleted c y c le  o f  
Figure 9 (a ) budded o f f  c e l l s  age 0 from c e l l s  o f  v a r ia b le  sige.
The mean le n g th  o f  age 0 c e l l s  i s  93^ th a t  o f  t h e ir  p a r e n ts , 
in d ic a tin g  approxim ately sym m etrical s e p ta t io n  and fe a tu r e  ( 1 ) .
An exam ination o f  th e  chain o f  c e l l s  age 0 to  age 5 shows them to  
be o f  comparable s i z e  in d ic a t in g  th a t th e  f ila m en t has extended  
l in e a x ly  during s i x  g en era tio n s  ( fe a tu r e  ( 2 ) ) .  The t r ig g e r  fo r  
in i t i a t io n  o f  ev en ts  le a d in g  to  m ito s is  and se p ta t io n  i s  tr a v e r se  
o f  s t a r t  (H artw ell e t  a l ,  1 9 7 4 ), which i s  dependent, under 
balanced  growth co n d itio n s  on th e  atta in m en t o f  a p lo id y -r e la te d  
c r i t i c a l  c e l l  s i z e ,  i . e .  n u c lea r  co n cen tra tion  (H artw ell & Unger, 
1977; L orincz & C arter, 1979)» T his ev en t occurs a t  or near b ir th  
in  c e l l s  growing a t  f a s t  r a te s  (Lord & W heals, I98O). In the  
p resen t experim ents com pletion  o f  th e  c y c le  occurred a t  cy to ­
k in e s is  when the daughter c e l l s  had reached th e  same s i z e  as t h e ir  
p a ren ts , th a t i s ,  a f t e r  a doubling  in  c e l l  s i z e ,  dem onstrating  
fea tu re  ( 3 ) .
In a d d it io n , a number o f  o th er  fe a tu r e s  o f  se p ta te  m y ce lia l 
growth ( T r in c i , 1979) are shown by th ese  f i la m e n ts .  F i r s t ,  growth 
only  occurs a t  the t ip s  o f  a mycelium. The m arginal in c r e a se  in  
s iz e  o f  o ld er  c e l l s  compared w ith  younger c e l l s  (F igure 7a) 
r e in fo r c e s  th e ob serv a tio n  (Bayne-Jones & Adolph, 1932) th a t  
growth o f  budding y e a s t  la r g e ly  occurs by growth o f  th e  bud
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( =r t ip  o f  the m ycelium ). Secondly, th ere  i s  an ex p o n en tia l 
in cr ea se  in  th e  number o f  t i p s ,  shown in  Figure ?b by the p e r fe c t ly  
sym m etrical g e n e a lo g ic a l age d is tr ib u t io n  w ith  32 c e l l s  producing  
32 t ip s  (29 having ju s t  budded, 3 s t i l l  to  bud). T h ird ly , growth 
in  o ld er  compartments occurs from im m ediately beh ind  th e s e p ta , as 
shown in  F igure ?a by the p o s it io n  o f  th e  growing bud in  th e  parent 
c e l l s  (a g e >  l )  b ein g  alw ays behind the se p ta  o f  a prev ious budding 
c y c l e .
The filam en tou s mode o f  developm ent o f  Saccharomyces c e r e v is ia e  
p a r a l l e l s  th e  d u p lica tio n  c y c le  and o th er  fe a tu r e s  o f  filam en tou s  
mould grow th, len d in g  w eight to  th e  view  th a t  d if fe r e n c e s  in  y e a s t ­
l i k e  and m y c e lia l growth may o fte n  be o f  degree r a th e r  than k in d .
From th e r e s u l t s  o f  t h i s  stu d y , i t  i s  proposed th a t th e  
q u a n t ita t iv e  p r e d ic tio n s  o f  the H artw ell and Unger model can be 
a p p lie d  to  g lu c o s e - l im ite d  chem ostat cu ltu r e  as w e ll  as to  batch  
c u ltu r e . Although d if fe r e n c e s  do e x i s t  between c e l l s  grown in  batch  
and chem ostat cu ltu re  which a f f e c t  th e subsequent b io lo g y  o f  the  
c e l l ,  th e se  d if fe r e n c e s  are q u a n tita t iv e  n ot q u a l i t a t iv e .  The 
b ip h a s ic  nature o f  Figure 1 and th e  p resence o f  th e  f ila m e n ts  
r e in fo r c e s  th e  proposal th a t  a sp e c ts  o f  th e  y e a s t  c e l l  c y c le  should  
be an a ly sed  over as wide a range o f  growth r a te s  as p o s s ib le .
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INTRODUCrriON
thy ~ Mutants In B a c ter ia
Understanding o f  th e  co n tro l and tim ing o f c e l l  c y c le  ev en ts  
in  b a c te r ia  has been g r e a t ly  enhanced by the technique o f  l im it in g  
the amount o f  exogenous thymine to  thymine req u ir in g  m utants. This 
e f f e c t i v e ly  slow s down th e ra te  o f  r e p l ic a t io n  w ithout a f f e c t in g  the  
growth r a te .
In 1968 Cooper and H elm ste tter  showed th a t th e  t r a n s i t  tim e o f  
r e p l ic a t io n  fork s (c) in  E . c o l i  was more or l e s s  con stan t in  
c u ltu r e s  w ith  doubling tim es ranging from 70-20 m inutes and th a t  
c e l l  d iv is io n  fo llo w ed  a t  a co n sta n t time approxim ately 25 m inutes 
l a t e r .  This in te r v a l  was d es ig n a ted  D and H elm stetter  ( I 968 ) 
su g g ested  th a t  th e term in ation  o f  rounds o f  r e p l ic a t io n  provided  a 
s ig n a l which i n i t i a t e d  c e l l  d iv is io n .  Therefore when th e  c e l l  mass 
per chromosome o r ig in  reaches th e  c r i t i c a l  va lu e (D onachie, I968 ) an 
in c r e a se  in  th e ra te  o f  DNA s y n th e s is  i s  ach ieved  s o le ly  by changing  
the frequency o f  i n i t i a t i o n  o f  rounds o f  r e p l ic a t io n .
The r a te s  o f  DNA chain e lo n g a tio n  and growth ra te  a re  not 
coupled  s in c e  th e growth ra te  can be a lte r e d  w ithout a f f e c t in g  the  
t r a n s i t  tim e o f  the r e p l ic a t io n  fo r k . P ritch ard  and h is  co-w orkers 
con sid ered  th e id ea  th a t  i t  might be p o s s ib le  to  a l t e r  th e  r e p l ic ­
a t io n  tim e w ithout a f f e c t in g  th e  growth r a te ,  and to  f in d  out what 
ev en ts  were coupled d ir e c t ly  or in d ir e c t ly  to  DNA r e p l ic a t io n .
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By reducing the thymine co n cen tra tio n  in  th e growth medium 
o f  thymine auxotrophs i t  was p o s s ib le  to  in c r e a se  the chromosome 
r e p lic a t io n  tim e by a fa c to r  o f  2 .5  w ithout s ig n i f ic a n t ly  a f f e c t in g  
the growth ra te  (P ritch ard  & Z a r itsk y , 1971) • The lo n g er  C p eriod  
was a sso c ia te d  w ith  a sh o r te r  D p eriod  (P r itch a rd , 197^). G was 
in crea sin g  a t  the expense o f  D. A lthough term in ation  o f  r e p l ic a t io n  
was u su a lly  a p r e r e q u is ite  f o r  c e l l  d iv is io n  o th er  fa c to r s  were 
in f lu e n c in g  the tim ing o f  d iv i s io n .
Average c e l l  mass and volume are r e la te d  to  th e thymine 
con cen tration ; th e low er the co n cen tra tio n , the h igh er th e m ass/ 
volume ( Z aritsky  & P ritch a rd , 1973)* Meacock, P ritch ard  and 
Roberts (1978) and Z aritsk y  and Woldringh (1978) proposed th a t  
the in cr ea se  in  volume was due to  an in c r e a se  in  width w ith  a 
s l ig h t  d ecrease in  le n g th , w h ile  Begg and Donachie (1978) proposed  
th a t th e in cr ea se  was in  le n g th  w ithout a change in  w id th . Thymine 
l im ita t io n  o f  f a s t  growing th v  ~ s tr a in s  r e s u lte d  in  th e  production  
o f  unusual m orphologies ap p aren tly  due to  an unbalanced sy n th e s is  
o f  w a ll components (Meacock e t  a l , 1978 ). These mutants caji be 
used in  a n a ly s in g  th e in te g r a t io n  o f  c e l l  w a ll growth w ith  d iv is io n ,  
although  a c le a r  cu t p ic tu r e  has not y e t  appeared.
V elocity -jum p , or s tep -u p  experim ents (where thy" c e l l s  are  
s h if t e d  from a low thymine co n cen tra tio n  to  a h igh  co n cen tra tion  
th a t supports a f a s t e r  r e p l ic a t io n  r a t e ) ,  have confirm ed th a t ,  
i n i t i a t i o n  mass i s  con stan t and independent o f  th e  thymine concent­
r a tio n  a t  one growth r a te ,  rounds o f  r e p l ic a t io n  are i n i t i a t e d  a t  a
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unique s i t e ,  and r e p lic a t io n  i s  b id ir e c t io n a l , They have a ls o  
provided in form ation  on gene dosage and plasm id behaviour (P r itch a rd , 
1974).
thv" mutants have a ls o  been used in  in v e s t ig a t in g  DNA s y n th e s is  
a t  th e m olecular l e v e l ;  in  determ ing the numbers and r a te s  o f  
form ation o f  Okazaki fragm ents (Brewin, 1977; Brewin & C airns,
1977; Tomana & Okazsiki, 1978), and in  showing fu n c tio n a l compart- 
m entation o f  n u c le o t id e  p o o ls  a t  th e  r e p l ic a t io n  fork  (P a to , 1979)*
thv" c e l l s  in  b a c te r ia  have proved to  be in v a lu a b le  in  s tu d ie s  
on DNA s y n th e s is  and th e  c e l l  c y c le ,  and the tech n iq u e o f  in c r e a s in g  
th e r e p l ic a t io n  tim e o f  the chromosome, a pow erful t o o l  fo r  under­
stan d in g  th e  co n tro l and tim ing o f  c e l lu la r  e v e n ts .
5*-dTMP Mutants in  Y east
Saccharomyces c e r e v is ia e  i s  n ot permeable to  e i th e r  thymine or 
thym idine (Grenson, 19&9; Brendel & Langjahar, 1974; Wickner, 1974), 
and has no d e te c ta b le  thym idine k in a se  a c t iv i t y  (G r iv e ll  & Jackson, 
1968) ,  th e r e fo r e  n e ith e r  s p e c i f i c  la b e l l in g  o f  DNA nor m anipulation  
o f  th e  r a te  o f  DNA r e p l ic a t io n  i s  p o s s ib le  w ith  th e se  compounds.
Deoxythym idine monophosphate i s  converted  from d eoxyu rid in e mono­
phosphate ajid a f t e r  fu r th e r  ph osp h orylation  i s  in co rp o ra ted  in to  
DNA (F igu re  l o ) .
In 1968 Jannsen rep orted  DNA s p e c i f i c  la b e l l in g  w ith  deoxy- 










purine h io s y n th e s is . Amino a c id  metabolism
THFAC
Figure 10. F o lic  a c id  m etabolism  and i t s  r e la t io n  to  thym idylate  
b io s y n th e s is  in  y e a s t .
R eactions (3 )  and (4 )  e x i s t  in  b a c te r ia  but not y e a s t .
1 Thym idylate S yn thetase
2 DHFA Reductase
3 Thymidine Phosphorylase
4  Thymidine K inase
dTMP, deoxythym idine monophosphate 
dUMP, deoxyurid ine monophosphate 
DHFA, d ih y d r o fo lic  a c id  
THFA, te tr a h y d r o fo lic  a c id
C |  ̂ c a r b o n  t r a n s f e r
-  77 -
Jannsen, 1 970), and Birendel and Haynes (1972) showed th a t  the la b e l  
was a sso c ia te d  w ith  both n u c le a r  and m itoch on d ria l DNA and th a t  
uptake was due to  a s in g le  r e c e s s iv e  g e n e . Laskowski and 
Lehmann-Brauns (1973) is o la t e d  fu r th e r  m utants from t h i s  s tr a in  
caused by e i th e r  one o f  th ree r e c e s s iv e  genes lin k e d  to  one a n o th er . 
S im ila r  mutants were is o la t e d  by Wickner (197^) d esig n a ted  tup and 
c o n tr o lle d  by fo u r  gen es. L i t t l e  and Haynes (1973) and Brendel 
( 1976) s e le c te d  fo u r  mutants w ith  a more e f f i c i e n t  uptake d es ig n a ted  
tum and c o n tr o lle d  by two g e n e s . I t  seems th a t a minimum o f  4 -9  
genes con fer  p erm ea b ility  to  5 ' “dTMP.
Although th e la b e l l in g  i s  s p e c i f i c  f o r  DNA (B rendel & Haynes, 
1973) » on ly  a sm all amount o f  th e  thym idine re s id u es  in  DNA. were 
d er iv ed  from exogenous dTMP th e  r e s t  b e in g  su p p lied  by the normal 
pathway, con version  o f  dUMP to  dTMP by thym idylate sy n th e ta se .
In b a c te r ia  thym idylate sy n th e ta se  may be in h ib ite d  by f o l i c  
a c id  a n ta g o n is ts  such as am inopterin  (APT) which im pairs the  
a c t i v i t y  o f  d ih y d r o fo lic  a c id  red u cta se  (O'Donovan & Neuhard, 1 9 7 0 ). 
T his w i l l  prevent d ih y d r o fo lic  a c id  (DHFA) b ein g  reduced to  t e t r a ­
h y d r o fo lic  a c id  ( THFA) and p reven t thym idylate b io s y n th e s is  (F igure  
10) .  A ll  o f  th e dTMP n ecessary  fo r  growth must then be obtained  
from e x te r n a l so u r c e s .
T his was th e  r a t io n a le  u sed  by Laskowski and Lehmann-Brauns 
( 1973)* T ota l in h ib it io n  was n o t p o s s ib le  by APT a lo n e , but i f  
S u lfa n ila m id e  (SAA) was a ls o  added, which prevented any ^  novo
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sy n th e s is  o f  DHFA, in h ib it io n  was com plete. When n u tr ie n t  medium 
con ta in in g  th e se  drugs was en rich ed  w ith  dTMP and ad en in e, growth  
was n ot p o s s ib le .  However, spontaneous mutants occurred th a t  could  
grow. The techn ique was a ls o  employed by Fath and B rendel (1974) 
who were ab le  to  gen erate  DNA which t o t a l l y  d erived  i t s  thymine 
con ten ts from th e  e x te r n a l growth medium, and showed th a t  5 ' “dTMP 
p asses  through th e  c e l l  w a lls  and membranes to  th e  s i t e  o f  DNA 
sy n th e s is  w ithout b e in g  degraded, and th a t  th e amount o f  in corp or­
a tio n  per u n it  tim e was dependent upon the con cen tra tion  o f fe r e d .
Birendel and Fath (1974) i s o la t e d  mutants auxotroph ic and 
c o n d it io n a lly  auxotroph ic fo r  5 '“dTMP, in  th e absence o f  APT and 
SAA, tmp m utants. A ll  were r e sp ir a to r y  d e f ic i e n t .
Two c la s s e s  o f  mutants w ith  a requirem ent fo r  5 ' “dTMP w i l l  be 
found; th ose  w ith  a sim ple requirem ent fo r  5 '“dTMP d e fe c t iv e  in  
thym idylate sy n th e ta se , and th ose  d e fe c t iv e  in  f o la t e  m etabolism  
which a ls o  req u ire  ad en in e , h is t id in e  and m eth ion in e. L i t t l e  and 
Haynes (1979) have i s o la t e d  and termed th ese  second ty p e , f o l  
m utants. The tmp3 m utants o f  L uzzatj (1975) f a l l  in t o  t h i s  c la s s .  
They a ls o  s e le c t e d  fo r  r e sp ir a to r y  grande tmp m utants (B arclay  & 
L i t t l e ,  1978 ).
tmp mutants e x h ib it  " thym ineless death" (TLD) i f  5 '“dTMP i s  
removed from the growth medium. A fte r  a la g  o f  one doubling  tim e 
c e l l s  lo s e  v i a b i l i t y  e x p o n e n tia lly  a r r e s t in g  a s  d o u b le ts , which i s  
ty p ic a l  o f  y e a s t  in  which DNA s y n th e s is  has been in h ib it e d  ( S la t e r ,
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1 9 7 3 )» or cdc mutants s e n s i t iv e  fo r  DNA e lo n g a tio n  a t  the r e s t r i c t iv e  
temperature ( H a rtw ell, 1973)» C e ll mass in crea sed  s i x  fo ld  and RNA 
and p ro te in  s y n th e s is  con tin u es a t  a reduced r a te .
U sing g ra d ien t p la te s  B rendel (197&) is o la t e d  th ym id ylate low  
req u ir in g  t l r  s t r a in s  (4  jug/ml 5'~dTMP) o f  tmp m utants.
The tmpl  gene i s  a l l e l i c  to  cdc21 (Game, 197&) and thym idylate  
sy n th eta se  a c t iv i t y  i s  m iss in g  in  ^  v i t r o  e x tr a c ts  o f  th e se  s t r a in s .  
The p aren ta l tup s tr a in s  have s im ila r  enzyme a c t i v i t y  to  th e  w ild  
ty p e , tmpl  has been shown to  be the s tr u c tu r a l gene fo r  thym idylate  
sy n th eta se  (B isso n  & T hom er, 1 9 77 ).
Thymidylate s ta r v a t io n , as w e ll as cau sin g  c e l l  d ea th , incjuCes 
p o in t m utations in  the m itoch on d ria l genome. Sub-optim al con cen t­
r a t io n s  a ls o  induced p e t i t e s  (B arclay  & L i t t l e ,  1 9 7 8 ). S im ila r  
o b serv a tio n s have been made w ith  cdc21 (Newlon e t  a d , 1979) •
High co n cen tra tio n s  o f  thym idine a ls o  cause c e l l  death  
"thym idylate ex ce ss  death" (TED), and a r r e s t  w ith  th e  morphology 
o f  c e l l s  undergoing TLD (B arclay  & L i t t l e ,  1978) -  low req u ir in g  
s t r a in s  are p a r t ic u la r ly  s e n s i t i v e .  The e f f e c t s  are both c y t o s t a t ic  
and c y to to x ic ,  90^ o f  c e l l s  lo s in g  t h e i r  colony form ing a b i l i t y  
w ith in  one hour. RNA and p ro te in  sy n th e s is  are u n a ffe c te d  (Toper 
e t  a l , 1981) .  They propose c e l l  death  may be due to  e x c e ss  5 ' -dTMP 
d ecrea sin g  th e  in t r a c e l lu la r  ad en y la te  charge below  th e  c r i t i c a l  
va lu e  fo r  s u r v iv a l,  an d /o r  the in t r a c e l lu la r  accum ulation  o f
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de oxythymi d in e . High co n cen tra tio n s a ls o  induce m utations. However, 
s tr a in s  d e f ic ie n t  in  RAD6, whose product i s  req u ired  fo r  e r r o r -  
prone rep a ir  (Lawrence ^  ad , 19 7 0 ), do n ot show 5*-d.TMP induced  
mutation (B arclay  & L i t t l e ,  I98I ) .  They b e lie v e  f lu x e s  o f  thym idine  
n u c le o tid e s  may d im in ish  the f i d e l i t y  o f  DNA r e p l ic a t io n .
While thym idylate s ta r v a t io n  or l im ita t io n  does not induce  
mutation in  n u c lea r  genes o f  Saccharomyces c e r e v is ia e , i t  g r e a t ly  
in c r e a se s  the frequency o f  m ito t ic  recom bination (Kunz e t  a d , I 98O ).
When tem perature s e n s i t iv e  tmp mutants are s h if t e d  from th e  
p erm issive  to  r e s t r i c t iv e  tem perature, n u clear  dense b o d ie s , (NDB) 
are seen . These are norm ally found during e a r ly  m e io tic  developm ent. 
Thymidylate s t r e s s e d  c e l l s  may a c t iv a te  p a rts  o f  th e  m e io tic  path­
way or co n v erse ly  c e l l s  on sp o ru la tio n  medium may sen se  and respond  
to  reduced thym idylate l e v e l s ,  to g e th e r  w ith  o th er  s t im u li by 
e n ter in g  th e m e io tic  pathway (Moens, B arclay  & L i t t l e ,  I98I ) .
The i s o la t io n  and c h a r a c te r isa t io n  o f  th e  tmp mutants in  y e a s t  
o ffe r e d  the opportun ity  to  use the techn ique P r itch a rd  and h is  co­
workers developed  on th y - b a c te r ia l  m utants.
The aims and o b je c t iv e s  o f  the work rep orted  here w ere, ( l )  
to  develop  a s p e c i f i c  method fo r  measuring S p h ase , u s in g  au to ­
radiography, ( 2 ) to  e lo n g a te  the S phase w ithout a f f e c t in g  growth, 
and ( 3 ) to  se e  what a f f e c t  t h is  had on o th er  c e l l  c y c le  and growth  
e v e n t s .
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RESULTS
A ffe c t  o f  5 '-dTMP on growth and morphology
C e lls  grown in  medium N p lu s  5 '-dTMP were deemed t o  be in  a 
stead y  s ta te  i f  and B remained con stan t over a range o f  c e l l  
d e n s it ie s  a t  36°G. was measured as p a x t ic le  counts in  an 
e le c tr o n ic  p a r t ic le  cou n ter , a f t e r  ro u tin e  so n ic a tio n  o f  the  
c e l l  sam ple. At l e a s t  1000 c e l l s  were counted m ic r o sc o p ic a lly  to  
determ ine c e l l  morphology.
Figure 11 shows the growth curves fo r  c e l l s  w ith  5 ' -dTMP 
in  the media a t  co n cen tra tio n s o f  5 0 i 15 and 7 .5  (^ g /m l) . F in a l 
c e l l  number was s im ila r  fo r  a l l  th ree con cen tra tio n s; 50 and 15 
(;ig/m l) had very  s im ila r  doubling tim es w hile 7 .5  was lo n g er; the  
la g  phase was lo n g er  the low er the 5 ' -dTMP co n cen tra tio n . The 
v i a b i l i t y  curve fo r  7 .5  was p a r a l le l  to  the c e l l  number curve 
(a s  was the case fo r  a l l  co n cen tra tio n s  above t h is  v a lu e ) ,  but 
below  t h is  con cen tra tio n  v i a b i l i t y  was reduced.
The in s e t  shows c e l l  number and v i a b i l i t y  fo r  c e l l s  th a t  had 
been grown in  50 ^ g/m l 5 '-dTMP to  m id -exponentia l phase , then  
f i l t e r e d ,  washed and resuspended in  medium N minus 5 '-dTMP a t  
36°G. There was an approxim ately 66^  in c r e a se  in  c e l l  number, 
fo llo w ed  by an ex p o n en tia l d ecrease in  c e l l  v i a b i l i t y .  A s im ila r  
r e s u l t  was ob ta ined  w ith  c e l l s  tr e a te d  id e n t ic a l ly  taken from a 
s ta t io n a r y  phase cu ltu re  a t  3&°0, or from a m id -exp on en tia l or
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Figtl .Growth curves of ID in different 5-<fTMP cones (>ig/ml). 
(a viability) . Inset. Cell number and viability in
sta tio n a ry  phase cu ltu re  a t  23°C. 50^ o f  c e l l s  a rre sted  w ith  th e
dumb-bell morphology c h a r a c te r is t ic  o f  "Thym ine-less death" (TLD), 
(Game, 1976), w hile  o th ers a r r e s te d  w ith  more abberrant m orphologies 
showing much e lon gated  buds ( F igure 12) .
Table 8 shows t  , f in a l  c e l l  number, B and the p ercen tages  
o f  c e l l s  showing TLD and abnormal or e lo n g a ted  m orphologies. Over 
a con cen tration  range o f  250-15 ^ g /m l 5 '“dT M P,^rem ained con stan t  
a t  around 143 m inutes, although  th ere  was some v a r ia t io n . At 
low er c o n c e n tr a tio n s , in c r e a se d . B was co n stan t over th e  range 
250-40 /ig /m l 5 ' “dTMP but in cr ea se d  a t  low er c o n c e n tr a tio n s . At 
7 .5  ^ g /m l th ere  was a la r g e  in c r e a se  i n t  , y e t  B was s im ila r  in  
duration  to  10 }ig /m l.
U sing the c h a r a c te r is t ic  morphology o f  c e l l s  undergoing "TLD" 
as a measure o f  v i a b i l i t y ,  m icroscopy rev e a led  no s ig n i f ic a n t  lo s s  
a t  low 5 ' “dTMP c o n c e n tr a tio n s . As the 5 '“dTMP co n cen tra tio n  
d ecreased , the percentage o f  abnormal and e lo n g a ted  c e l l s  in crea sed  
from l e s s  than 1% a t  50 ^g/m l to  18% a t  7*5 jug/m l. F igure 12 shows 
some o f  the major ty p e s , c e l l s  w ith  an e lo n g a ted  tu b u la r  bud, c e l l s  
w ith  t h e ir  bud in  th e cen tre  o f  a  "bean-shaped" c e l l ,  and c e l l s  
showing secondary bud form ation .
The th e o r e t ic a l  thym idylate con cen tra tion  n ecessa ry  fo r  one 
round o f  DNA r e p l ic a t io n  has been c a lc u la te d  to  be 1 .8  x 10  ̂ nmol 
per 10^ c e l l s  by Toper e t  ^  (L98I) , or 0 .00058  jug/m l. The 
co n cen tra tio n s used in  the experim ents v a s t ly  exceeded  t h i s  v a lu e .
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F igu re 12 . Abnormal m orp h o log ies a t  low  5 ' “dTMP
c o n c e n tr a t io n s .
(a )  A c e l l  w ith  a e lo n g a ted  bud. (b ) A c e l l  
w ith  i t s  bud in  the cen tre  o f  a "bean-shaped" 
c e l l ,  ( c )  C e lls  showing secondary bud form ation .
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I t  was v i t a l  th a t the 5'~dT?MP con cen tra tio n  d id  not s ig n i f ic a n t ly  
a l t e r  during the growth o f the c u ltu r e . Four p ie c e s  o f  in d ir e c t  
evidence suggested  th a t th i.s  was t r u e , ( l )  C e ll number in crea sed  
ex p o n e n tia lly , w ith  c e l lu la r  param eters in c lu d in g  B rem aining  
co n sta n t. ( 2 ) F in a l c e l l  number was con stan t over the concent­
r a tio n  range s tu d ie d . ( 3) At 23°G f in a l  c e l l  number was u n a ffe c te d  
by the presence or absence o f exogenous 5 '-dTMP and was s im ila r  to  
th a t a t  3&°C. (4 ) Most im p ortan tly  a doubling in  th e g lu co se
con cen tration  doubled the f in a l  c e l l  number, and h a lv in g  the  
g lu co se  con cen tration  halved th e f in a l  c e l l  number (Table 9) -  
g lu co se  was l im it in g  fo r  growth and cau sin g  c e l l s  t o  e n te r  s ta t io n a r y  
phase, not d e p le tio n  o f  5 '“dTMP in  the m edia.
Table 10 shows the mean volume a t  bud emergence o f  c e l l s  o f  
d if f e r e n t  g e n e a lo g ic a l ages a t  d if f e r e n t  co n cen tra tio n s o f  5 ' “dTMP. 
There was the c h a r a c te r is t ic  in c r e a se  in  s i z e  a t  each g e n e a lo g ic a l  
age (Johnston e t  ad, 1979)» but a ls o  as th e 5 ' “dTMP con cen tra tio n  
d ecreased , the mean volume a t  bud emergence a t  corresponding  
g e n e a lo g ic a l ages in crea sed  d ra m a tica lly .
C e ll c y c le  parsimeters
The aim o f  th e p r o je c t  was to  in c r e a se  S by l im it in g  5 ' “dTMP, 
a monomer fo r  DNA s y n th e s is ,  but w ithout a f f e c t i n g ^  .
The budding c y c le  and the D N A -division c y c le  o f  Saccharomyces 
c e r e v is ia e  are on sep arate  pathways fo r  most o f  the c e l l  c y c le  but 
converge fo r  c y to k in e s is  and c e l l  sep a ra tio n  (H a rtw e ll, 1 9 7 4 ). I f
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T able 9 .  F in a l c e l l  number: a s  a  fu n c t io n  o f  g lu c o s e  c o n c e n tr a t io n ,
5 '-dTMP cone, 
(/ig/m l)
Glucose con e. 
(g /1 )
F in a l c e l l  number + 
(xlO ?)
50 20 (norm al) 5.19
50 40 8 .8 5
50 10 2.70
+ determ ined by p a r t ic le  counter
Table 10. Volume a t  bud emergence o f  c e l l s  o f  d if f e r e n t  g e n e a lo g ic a l  
ages a t  d if fe r e n t  5 '-dTMP c o n cen tra tio n s .
5 '-dTMP 
c o n e . 
Qug/ml) D*
Volume a t  bud emergence x
(um3)
^2 ^3 Pn 3
50 27 .1 33 .5  39 A 4 2 .2 6 4 .6
25 35 .1 4 0 .3  4 7 .3 4 8 .5 66 .5
20 4 0 .0 ,47.9  50.8 56 .5 65.1
15 4 0 .2 49.7  51.3 65 .5 70.9
7 .5 65.2 69.8  83 .4 89 .3 105.4
+ G en ea log ica l age was determ ined by bud sc a r  a n a ly s is .  
X Volume measured by a s p l i t  image eye p ie c e .
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s  i s  e lo n g a ted , thus d elay in g  d iv is io n ,  B would be e lo n g a ted .
Because growth i s  by budding, d iv is io n  i s  norm ally asym m etrical, 
w ith  the daughter bein g  bom  sm a lle r  than the p aren t. The 
daughter c e l l  thus needs a lo n g e r  p eriod  o f  growth b efo re  reach in g  
the c r i t i c a l  s i z e  n ecessary  fo r  s t a r t  (Johnston , P r in g le  &
H artw ell, 1977). I f  B i s  e lo n g a ted  the daughter w i l l  remain a tta c h ­
ed fo r  a lo n g er  p eriod  o f  tim e, acq u ire a la r g e r  volum e, aad thus  
be la r g e r  a t  b ir th  and need l e s s  tim e b efo re  reach in g  th e  c r i t i c a l  
s iz e  and in i t i a t i n g  the n ex t d iv is io n .  T his w i l l  m an ifest i t s e l f  
as a sh o r ter  unbudded p er io d .
E stim ates o f  D, P and B were c a lc u la te d  as d escr ib ed  in  
Chapter 2 . In Table 11 the le n g th s  o f ,  B , P, D, P-B , D-B and th e  
r a t io  o f  D to  P as a fu n ctio n  o f  th e  5 ' -dTMP co n cen tra tio n  are 
shown.
B was co n stan t over th e con cen tra tio n  range 250-40 /ig /m l but 
in crea sed  from 100-115 m inutes as the con cen tra tio n  dropped from 
40-15 ; i g / m l . r e m a i n e d  con sta n t over t h i s  range. At th e  low er  
con cen tra tio n s the parent c y c le  tim e in crea sed  w hile th e  daughter  
c y c le  tim e d ecreased , hence th e r a t io  o f  D:P decreased  w ith  
d ecreasin g  co n cen tra tion  u n t i l  a t  7*5 fig/m l th e v a lu e  reached  1 .
F igures 13» 14 and 15 show g r a p h ic a lly  th e in c r e a se  in  B, the  
corresponding d ecrease  in  th e unbudded p eriod  o f  p aren ts and 
daughters and the c y c le  tim e o f  parents and d au gh ters, as a 
fu n ctio n  o f  th e 5 ' -dTMP co n cen tra tio n .
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Fig13. Length of budded phase as a function 
of the 5-dTM Pconc.
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The in c r e a se  in  the hudded p eriod  and d ecrease in  the unbudded 
period  gave stro n g  in d ir e c t  ev idence fo r  a len g th en in g  in  S phase 
caused by l im ita t io n  o f  5*“dTMP.
E stim ation  o f  c e l l  cy c le  phases by n u clea r  morphology
The p eriod  s t a r t s  a f t e r  m ito s is  n ot w ith  c y to k in e s is  and 
bud emergence a s  a r e s u l t  o f  d ecreased  ^ ' -dTMP co n cen tra tion  may 
have r e su lte d  from an expansion o f  the in te r v a l between m ito s is  and 
c y to k in e s is .  This can be t e s t e d  by exajnining n u c lea r  morphology 
w ith the dye DAPI.
I t  was p o s s ib le  to  determ ine fo u r  typ es o f  morphology -  
unbudded w ith  a s in g le  n u c leu s , budded w ith  a s in g le  n u c leu s , 
c e l l s  showing n u clear  d iv is io n  ( th e s e  are taken to  be in  m it o s is ) ,  
and b in u c le a te  c e l l s .  The l a t t e r  morphology are c e l l s  a f t e r  m ito s is  
but b efore  c e l l  d iv is io n  and are in  the phase o f  the c e l l  c y c le .  
U sing the age d is tr ib u t io n  i t  was p o s s ib le  to  c a lc u la te ,  from the  
freq u en c ie s  o f  each c l a s s ,  th e tim e spent in  each  sta g e  as a 
fu n ctio n  o f  the 5 '“dTMP co n cen tra tion  (Table 1 2 ) .
The r e s u lt s  are p lo t te d  in  F igure l 6 .  G^* and n u clea r  d iv is io n
were r e la t iv e l y  con sta n t over the whole co n cen tra tio n  range. The 
in c r e a se  in  B a t  the low er co n cen tra tio n s was due to  c e l l s  spending  
a lo n g er  tim e budded w ith  a s in g le  n u c leu s . There was a d ecrease  
in  th e tim e sp en t unbudded w ith  a s in g le  n u c le u s .
I n i t ia t io n  o f  S has been rep orted  to  be concom itant w ith , or
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-  97 “
to  occur b e fo r e , bud emergence (B arford  & H a ll, 1976; R ivin  & 
Fangman, 1980a; S la te r ,  Sharrow & G art, 1 9 7 7 ). Thus an in cr ea se  
in  the fr a c t io n  o f  c e l l s  budded w ith  a s in g le  n u cleu s supported  
the experim ental h yp oth esis  th a t  S was b e in g  length en ed  and 
shortened by th e d ecreasin g  5 ' ”dTMP co n cen tra tio n . An in cr ea se  
in  Gg could  n o t y e t  be ru led  o u t. N uclear d iv is io n  aud c y to k in e s is  
occupy a con stan t tim e in te r v a l ir r e s p e c t iv e  o f  th e  ^'-dTMP 
con cen tra tio n . Although dependent upon com pletion o f  S (H a rtw ell, 
1974) ,  the le n g th  o f  n u clear  d iv is io n  and c y to k in e s is  seem to  be 
independent o f  the le n g th  o f  S,
c<  -F a cto r  ex ecu tio n  p o in t
Y east c e l l s  are s e n s i t iv e  to  mating pheremones a t  s t a r t  
(H a rtw e ll, 197^ )» and thus the p o in t o f  commitment in  the y e a s t  
c e l l  c y c le  can be d e te c te d . When exposed to ^ X rfa cto r , s e n s i t iv e  
c e l l s  f a l l  to  bud and assume a c h a r a c te r is t ic  morphology, a 
"shmoo" (H a rtw ell, 1 9 7 4 ). S ta r t  can be determ ined by counting  
the number o f  unbudded c e l l s  th a t go on to  form buds in  the  
presence o f  mating fa c to r  (R iv in  & Fangman, 1980a; S in ger  & 
Johnston, I98I ) ,
C e lls  in  mid ex p o n en tia l phase were r a p id ly  c o l le c t e d ,  so n ic ­
a ted  and o v e r la id  onto medium N p lu s  _$'-dTMP agar s l id e s  co n ta in -  
in^)^""factor, U sing t im e -la p se  photom icroscopy th e fr a c t io n  o f  
unbudded in s e n s i t iv e  c e l l s  can be counted and u sed  to  c a lc u la te  
the c<—ex ecu tio n  p o in t .  The fr a c t io n  o f  th e c e l l  c y c le  th a t  i s
p ast the ^ - e x e c u t io n  p o in t i s ,  lo g  ( l  + F  ̂ + ^lUB^ ^  *
lo g  2
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where i s  th e  fra c tio n  o f  budded c e l l s  and F ^ ^  the f r a c t io n  o f  
in s e n s it iv e  unbudded c e l ls ) .
Table 13 g iv e s  the o o -e x e c u tio n  p o in t , the p r e - s ta r t  p eriod  
o f  parents eind daughters and the p eriod  from s t a r t  to  bud emerg­
ence .
At the low er con cen tra tion s o f  3 ' ”dTMP s t a r t  occurred s l i g h t ly  
e a r l i e r  in  th e  c e l l  cy c le  and the p eriod  from s t a r t  to  bud emerg­
ence d ecrea sed . The p r e -s ta r t  p er io d  o f  parents in cr ea se d  w h ile  
th a t o f  daughters d ecreased . The in cr ea se  in  P and d ecrease  in  D 
( Table I 3 ) both  appeared to  be in  th e p r e -s ta r t  p er io d ,
A d ecrease  in  the in te r v a l from s t a r t  to  bud em ergence, a t  
low er c o n c e n tr a tio n s , was exp ected  i f  S was b ein g  len g th en ed  a t  the  
expense o f  a sh o r ter  G^,
S tep-up experim ents
I f  S was in crea sed  and Ĝ  ̂ decreased  as a r e s u l t  o f  low  5 '”dTMP 
co n cen tra tio n s  l im it in g  the DNA r e p l ic a t io n  r a t e ,  an a d d it io n  o f  
a h igh  co n cen tra tion  o f  the n u c le o t id e  under l im it in g  co n d itio n s  
should  in c r e a se  the ra te  o f  DNA r e p l ic a t io n  so  reducing th e  le n g th  
o f  S and th e  c e l l  c y c le  tim e, u n t i l  the c e l l s  a d ju st to  t h e ir  new 
environm ent and reach a new s t e a d y - s t a t e ,
C e lls  were grown in  a l im it in g  con cen tra tion  o f  5'-dTMP 
(13  / i g /m l) , When the cu ltu re  had reached s te a d y -s ta te  grow th,
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h a lf  o f  the c e l l s  were re move d and 5*“dTMP was added in  e x c e ss  to  
reach a f in a l  concentration  o f  500 ^ g /m l.
In F igure 1?, in crease  in  c e l l  number i s  p lo t te d  a g a in s t  ' 
time fo r  both  th e con tro l and the step -u p  experim ent. The r e s u lt s  
from two experim ents are shown. For th e f i r s t  40 m inutes in c r e a se  
in  c e l l  number o f  the step -u p  cu ltu re  was p a r a l le l  to  th a t  o f  the  
c o n tr o l . T his was fo llow ed  by a more rap id  in c r e a se  up to  100 
m inutes, and then a 30 minute la g  a f t e r  which c e l l  number in cr ea se d  
again  in  p a r a l le l  to  the c o n tr o l.
In F igure 18, the percentage o f  budded c e l l s  i s  p lo t te d  a g a in s t  
tim e fo r  the two c u ltu r e s . The p ercen tages were s im ila r  fo r  the  
f i r s t  40 m inutes a t  80^ fo llo w ed  by a rap id  d ecrease  in  th e s te p -  
up cu ltu re  to  5 ^  a t  70 m inutes. The percentage then  ro se  to  i t s  
new s te a d y -s ta te  va lu e o f  65^ a f t e r  100 m in u tes,
The r e s u l t s  agree w ith the experim ental r a t io n a le .  In  the  
step -u p  cu ltu r e  in cr ea se  in  c e l l  number was i n i t i a l l y  p a r a l l e l  to  
the c o n tr o l because c e l l s  th a t  were p o st-S  (Gg, M and G^*) should  
be u n a ffe c te d  by the h igh er co n cen tra tio n  and d iv id e  a t  th e  o ld  
r a te  (r a te  m aintenance). The va lu e o f  fo r ty  m inutes sh ou ld  be 
equal to  G^, M and G^* and i s  in  good agreement w ith  th e  e s tim a te s  
from n u clea r  s ta in in g  which gave th e le n g th  o f  M and G^* a lon e a t  
31 m inutes ( Table 1 2 ) ,  The rap id  in cr ea se  a f t e r  t h i s  tim e occurred  
because c e l l s  were b ein g  a c c e le r a te d  through S in  th e  step -u p  
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step-up from IStoSOOpg/ml 5-dTMPfo)
Controlr*) .Two experiments are shown.















Figia Percentage of budded cells after a step-up 
from 15 toSOOpg^ml 5-dTMPf*). Control (o) Two 
experiments are shown.
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c y c le ,
The newly d iv id ed  celU s caused by th e  a d d itio n  o f  ex cess  
5 '“dTMP w i l l  be sm aller  because S , M & G^* were reduced in  
le n g th . These need to  grow b efo re  th ey  can reach th e  c r i t i c a l  
s i z e  n ecessary  fo r  traverse  o f  s t a r t  (Johnston , P r in g le  & H artw ell, 
1977) .  This w i l l  r e s u lt  in  a tr a n s ie n t  la g  in  c e l l s  en ter in g  th e  
n ext D N A -division cy c le  and m an ifest i t s e l f  a s a la g  in  c e l l  
number in c r e a se . The la g  approxim ates th e  Ĝ  p er io d . Parents  
are bom  g r e a te r  than the c r i t i c a l  s iz e  n ecessa ry  fo r  s t a r t  and 
oan  r e -e n te r  th e DNA-division c y c le  a lm ost im m ediately a f t e r  c e l l  
sep a ra tio n  (Lord & Wheals, I 98I ) .  P arents and daughters w i l l  
respond d i f f e r e n t ly  to  the reduced c y c le  tim e and t h i s  would 
e x p la in  th e la c k  o f  synchrony in  the la g ,  p a r t ic u la r ly  in  the  
low er f ig u r e .
The a c c e le r a te d  ra te  o f  c e l l  d iv is io n  a f t e r  a d d itio n  o f  
e x c e ss  5'-d.TMP should  equal th e  duration  o f  the S phase and the  
va lu e obtained  o f  50 i s  in  good agreement w ith  the autoradiography  
d ata ( s e e  b e lo w ).
The rap id  in c r e a se  in  th e  r a te  o f  d iv is io n  was r e f l e c t e d  by 
the rap id  d ecrease in  the p ercentage o f  budded c e l l s  ( F igure 1 8 ) .  
The cu ltu re  then reached a new s te a d y -s ta te  va lu e  o f  6 ^ ,  normal 
fo r  th e  s tr a in  under n o n -lim it in g  5'-dTMP c o n c e n tr a tio n s . The 
overshoot i s  due to  the p a r t ia l  degree o f  synchrony.
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The step -u p  experimen^t has provided fu r th e r  in d ir e c t  ev idence  
th a t 5'-dTMP l im ita t io n  wa-.s in c r e a s in g  th e le n g th  o f  S a t  th e  
expense o f  .
5'-dTMP l im ita t io n  in  d if f e r e n t  media
At low 5*”d.TMP con cen tra tio n s some c e l l s  growing in  medium 
N p lu s g lu c o se  showed abnormal m orphologies. Presumably a t  th ese  
co n cen tra tio n s  c e l l s  cannot take up s u f f i c i e n t  5 ' “âTMP to  support 
a normal le n g th  DNA r e p lic a t io n  p er io d , and t h is  caused a le n g th ­
en in g  o f  S which a f fe c te d  the c o n tro l and tim ing o f  normal growth 
e v e n t s .
T his and o th er  experim ents showed th a t  by l im it in g  th e 5'-dTMP 
i t  i s  p o s s ib le  to  a l t e r  the tim in g  o f  the c e l l  c y c le  even ts  
w ith ou t a l t e r in g  the p op u lation  doubling tim e. Another w id ely  
used  method fo r  changing the tim ing  o f  c e l l  c y c le  even ts i s  to  
a l t e r  th e  p op u la tion  doubling tim e by u s in g  d if f e r e n t  growth 
m edia. The 5'-dTMP mutants o f f e r  the chance to  use both tech n iq u es  
to g e th e r .
I f  th e  cause o f  th e  a b n orm alities  a t  the low  co n cen tra tio n s  
i s  th a t  th e  c y c le  tim e i s  noi, a llo w in g  s u f f i c i e n t  and c o r r e c t ly  
sequenced growth, then i f l Z i s  in cr ea se d  w hile 5 ' “dTMP con cen tra tion  
rem ains c o n sta n t, the in c r e a se  may a llo w  s u f f i c i e n t  growth and the  
frequency o f  abnormal c e l l s  should  d ecrea se . C onversely d ecreasin g  
the c e l l  c y c le  time should  magnify the e f f e c t  o f  5 ' “dTMP l im ita t io n  
and le a d  to  even more abnormal c e l l s  b ein g  produced.
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Medium N w ith  mannose ;as th e  carbon source was used to  slow  
down the growth r a t e ,  and Y.'EPD was used  to  ach ieve a fa s t e r  growth 
r a t e .
Mannose slow ed the growth r a te  down to  245 m inutes. In Table 
14 TT, B, P, D, D;P and the percentage o f  abnormal c e l l s  are shown 
as a fu n ctio n  o f  th e  5' -dTMP concentration '.
At 50 jLig/ml growth was norm al. At 20 ^g/m l th ere  was no 
s ig n i f ic a n t  in c r e a se  in  B, in  c o n tr a s t  t o  medium N p lu s g lu cose  
( Table 8 ) ,  4^ o f  c e l l s  were abnormal, h a l f  th e  va lu e in  medium N 
p lu s  g lu c o se . At 10 /ig/m l th ere  was an in c r e a se  in  both B and th e  
p ercen tages o f  abnormal c e l l s .  The l im it in g  con cen tra tion  o f  
5 ' -dTMP, a s  measured by an in c r e a se  in  B and the percentage o f  
abnormal c e l l s ,  was low er a t  th e  slow er growth r a t e .
YEPD medium supported f a s t  growth r a te s  w ith  o th er  s tr a in s  
(Lord & Wheals, I 980) . At th e p erm issiv e  tem perature the p op u la tion  
doubling  tim e was 140 m inutes, YEPD p lu s  50 jmg/ml 5 ' -dTMP a t  th e  
r e s t r i c t i v e  tem perature had a doubling tim e o f  210 m inutes, w ith  
over 80% o f  th e  c e l l s  budded and 20^ w ith  abnormal m orphologies, 
In crea s in g  the 5 '-dTMP con cen tra tion  to  500 ^g/m l gave a p op u la tion  
dou b lin g  tim e o f  140 m inutes, w ith  60^ budded c e l l s  and l e s s  than  
1% w ith  abnormal m orphologies. At the f a s t e r  growth r a te s  h igh er  
5 ' -dTMP co n cen tra tio n s are needed to  support normal growth.
There are two p o s s ib le  ex p la n a tio n s  fo r  the r e s u lt s  in  YEPD.
-  106 -
g
vo H
00 M- O w











F ir s t ly ,  c e l l s  cannot take) up s u f f i c i e n t  5 ' “dTMP fo r  normal growth, 
and secon d ly , the more com plex media might have a f fe c te d  the  
5 '-dTMP perhaps by enzym atic degred a tio n  or b in d in g . L i t t l e  & 
Haynes (1979) found that Lower 5 ' -dTMP co n cen tra tio n s are needed  
fo r  optim al growth in  minimal media compared to  YEPD. In c o n tr a s t  
to  t h e ir  rep o rt in h ib it io n  o f  growth by h igh  5 ' “dTMP co n cen tra tion s  
was n ot apparent even a t  a  co n cen tra tio n  o f  500 yag/ml (Table 1 2 ) .
Measurement o f  S phase
The le n g th  o f  S phase a t  d if f e r e n t  5 ' “dTMP con cen tra tio n s was 
examined by preparing whole c e l l  autoradiographs from c e l l  c u ltu r e s  
p u lsed  w ith la b e l le d  5 ' “dTMP,
Label uptake
For the mutants to  be used  in  la b e l l in g  experim ents i t  was 
n ecessa ry  to  show th a t la b e l le d  5 ' “dTMP was in corporated  during  
ex p o n en tia l growth.
F igure 19 shows the k in e t ic s  o f  la b e l  uptake, 25 /iC i/m l o f
3
H5' -dTMP was added to  a m id -exp on en tia l phase c u ltu r e  o f  s t r a in  
ID in  medium N p lu s  50 /ig /m l o f  u n la b e lle d  5 '“dTMP, The cu ltu re  
was scimpled a t  in t e r v a ls ,  and the number o f  base s t a b le ,  a c id  
p r e c ip ita b le  counts measured. The uptake curve can be ex tra p o la ted  
to  show l in e a r  in corp ora tion  a f t e r  8 m in u tes, g iv in g  a la b e l l in g  
p er io d  o f  7 m inutes. The curve i s  s im ila r  to  th ose  fo r  adenine  
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Fig19. Kinetics of label uptake.
— 109 “
P u lse  l a b e l l i n g  experimen-bs
An ex p o n en tia lly  growling cu ltu re  was exposed b r ie f ly  (15  
m inutes) to  ra d io a c tiv e  5' -dTMP 5 ' -dTMP a t  25 yuGi/inl), f ix e d  
and taken fo r  autoradiography ( s e e  Chapter 2 ) .  When s u f f i c i e n t l y  
exposed (2 -6  weeks) the sam ples were scored  fo r  th e  uptake o f  la b e l  
and th e presence or absence o f  b u ds. C e lls  in  S phase a t  the tim e  
o f  the p u lse  w i l l  in corporate  the r a d io a c tiv e  thym idine in to  t h e ir  
DNA.
To c a l c u la te  th e  p e rc e n ta g e  o f  l a b e l l e d  c e l l s  i t  i s  n e c e s s a ry  
to  c o n s id e r  th e  e f f e c t  o f  g r a in  coun t on b o th  l a b e l l e d  and  u n la b e l le d  
c e l l s  ( th e  background  c o u n t) .  F o r th e s e  p u rposes th e  assu m p tio n  
i s  made t h a t  th e  coun ts  w i l l  show a  P o isso n  d i s t r i b u t i o n  
P (x ) = e~"  ̂ m^
X
where x  i s  th e  number o f  g r a in s  a s s o c ia te d  w ith  a  g iv e n  c e l l  and  m 
i s  th e  av e ra g e  number o f  g ra in s  p e r  c e l l .
W ith a  l a r g e  m v a lu e , a lm o st s i l l  l a b e l l e d  c e l l s  w i l l  have 
more g r a in  th a n  background and th e  e r r o r  in  co u n tin g  th e  p e r c e n t­
ag es  o f  l a b e l l e d  c e l l s  w i l l  be n e g l ig ib l e .  However, to o  h ig h  a  
v a lu e  o f  m may r e s u l t  in  c e l l s  h av ing  so  heavy a  g r a in  d e n s i ty  
t h a t  th e  m orphology i s  o b scu red . I f  m i s  low t h i s  problem  w i l l  
n o t  a r i s e ,  b u t  a  s i g n i f i c a n t  number o f  c e l l s  w i l l  show no more th a n  
th e  background  number o f  g r a in s .  T h is  i s  overcome by s c o r in g  a l l  
c e l l s  f o r  th e  number o f  g r a in s  and  p l o t t i n g  th e  fre q u e n c y  o f  
d i f f e r e n t  g r a in  cou n ts  P (x )  a g a in s t  th e  lo g  P x ( x l ) .  The P o is so n
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d is tr ib u t io n  p lo ts  as a s t ïc a ig h t  l i n e  and h igher gra in  counts are  
used to  determine the slopee o f  the l i n e  and an e x tr a p o la tio n  made 
to  ob ta in  the a c tu a l perceintage o f  la b e l le d  c e l l s  w ith  zero  or 
only a few gra ins (Figure ;20).
Table 15 shows the percentage o f  la b e l le d  budded or unbudded, 
and u n la b e lle d  budded or unbudded c e l l s  corrected  by the P o isson  
a n a ly s is ,  m i s  a ls o  shown. C e lls  th a t were p ost S a t  th e  tim e o f  
the p u lse  should n o t be la b e l le d ,  and as bud emergence occurs  
b efore  com pletion o f  DNA s y n th e s is  (R iv in  & Fangman, 1980a;
B arford & H a ll, 197&) the duration o f  the c e l l  cy c le  th a t  i s  p o st S 
i s  g iv en  by the equation
PS = In ( PbUL + 1) ■ X  (a )
ln 2
where PS = th e durqtion o f  cycle p o st S i . e .  Gg+M+G^*
p-gUL “  the fr a c t io n  o f  budded u n la b e lle d  c e l l s
The c e l l s  in S w i l l  be la b e l le d  by the p u lse , and th e tim e in  S 
p lu s Gg, M and G^* i s  g iven  by
S + PS =  BUL * * 1 ) ' X
where, g + pg == the duration o f  in  and p o st  S
F  ̂ = the fr a c t io n  o f  la b e l le d  c e l l s
Taking (b ) from (a ) w i l l  g iv e  the tim e spent in  S p h ase , and ta k in g
(b) from TT the tim e spent in  G^.
Table l6  summarises the data from the p u lse  la b e l l in g  e x p e r i­
ments o f  c u ltu r e s  grown in  5^-dTMP con cen tra tio n s o f  50 ,15  and 10 j i g / m l .
-  I l l  -
Figure 20 . P o isson  d is tr ib u t io n  o f  the number o f  gra in s  
per c e l l .
1000 c e l l s  were counted fo r  each experim ent, and 
scored  fo r  the number o f  a s so c ia te d  s i l v e r  gra in s  
( x ) .  The data are p lo t te d  so  th a t a P o isson  d i s t r ib ­
u tio n  appears as a s t r a ig h t  l i n e .  Higher grain  
counts are used  to  f in d  the s lo p e  o f  th e  l i n e , and 
an e x tr a p o la tio n  made to  ob ta in  the tru e  fr a c t io n  
o f  la b e l le d  c e l l s  among th o se  c e l l s  w ith  low gra in  
numbers.
-  112 -
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Table l 6 .  D u ra tio n  of c e l l  c y c le  p h ases  m easured by 
au to ra d io g ra p h y .





D uration o f  s ta g e s  (min)
S G^+M+G *̂
50 140 36 43 61
50 142 28 40 74
50 142 33 41 68
15 145 10 97 38
10 169 25 97 47
T re a te d  w ith  RNase
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To ensure th a t  the lat>el was lncoip)orated  s p e c i f i c a l ly  in to  
DNA, autoradiographs were p rep ared  from N p lu s  50 ^g/m l 5 '-dTMP 
media and some tr e a te d  w ith  RNase and some w ith  DNase. From th e  
ta b le  i t  i s  c le a r  th a t RNase trea tm en t had no n o tic e a b le  a f f e c t  
on the percentage o f  la b e l le d  c e l l s . The c e l l s  tr e a te d  w ith  DNase 
showed very l i t t l e  la b e l  and no h e a v ily  la b e l le d  c e l l s  were found.
The la b e l i s  s p e c i f i c  fo r  DNA as was shown by Brendel and Fath (1 9 7 4 ) .  
The method g iv e s  rep ro d u cib le  r e s u l t s  s in c e  th e th ree  a n a ly se s  a t  a 
con cen tration  o f  50 ^g/m l 5 ' -dTMP gave con sta n t va lu es  fo r  S . For 
the autoradiography a t  15 jug/ml 5 '-dTMP, th e  p u lse  tim e was 20 
minutes n o t 15. The r e s u lt  o f  t h i s  would be th a t more c e l l s  which 
have l e f t  S and en tered  during th e p u lse  w i l l  be la b e l le d ,  and 
the va lue o f  S lengthened  by up to  5 m in u tes.
At the low er co n cen tra tio n s o f  5 '-dTMP th ere  was c le a r ly  an 
in cr ea se  in  S, the value b e in g  more than doubled from 40 to  97 
m inutes. There was a d ecrease in  Ĝ  as p r e d ic te d , and a ls o  in  G^,
The experim ent gave proof th a t  l im it in g  5 '-dTMP causes a d ecrease  
in  the ra te  o f  DNA r e p l ic a t io n .
In Table 17 th e len g th  o f  c e l l  c y c le  phases a t  d i f f e r e n t  
5 ' -dTMP co n cen tra tio n s i s  p resen ted  (th e  r e s u l t s  are i l lu s t r a t e d  
in  Figure 2 2 ) ,  The data from a l l  the experim ents were p o o led .
The measurement o f  s t a r t  used  fo r  15 fig/m l was one ob ta in ed  fo r  a 
co n cen tra tion  o f  20 ^ g /m l.
The g en era l tren d s w ith  d ecre a sin g  5 '-dTMP co n cen tra tio n  a re .
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Figure 21 . Saccharomyces c e r e v is ia e  c e l l s  la b e l le d  w ith  
&  5 ' -dTMP
C e lls  were grown in  medium N p lu s 50 ;ig/m l 
5 ' -dTMP, and r a d io la b e lle d  5*“dTMP added to  a 
con cen tration  o f  25 fiC i/m l. (a )  The p ic tu r e  
i l l u s t r a t e s  a l l  fou r  c la s s e s  o f  c e l l  sco red ,  
unbudded u n la b e lle d , unbudded la b e l le d ,  budded 
u n la b e lle d , and budded la b e l le d ,  (b ) A more 
d en se ly  la b e l le d  budded c e l l .
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Fig22.Cell cycle phases as a function of the 5 -dTMP 
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an in cr ea se  in  B and S, a c&ecrease in  o f  both  p aren ts and 
daughters, and a decrease iln G^. There was constancy o f  M and 
G ,*.
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DISCUSSION
Evidence fo r  an Increase Im S
The major aim o f  the work was to  e lo n g a te  S , w ithout a l t e r in g  
and to  see  what e f f e c t  t h i s  had on th e y e a s t  c e l l  c y c le .  I t  
was hoped to  accom plish t h is  by reducing th e amount o f  5 '-dTMP, 
an e s s e n t ia l  precursor fo r  chain  e lo n g a t io n , in  the growth medium.
There were f iv e  p ie c e s  o f  in d ir e c t  ev idence to  support an 
e lo n g a tio n  o f  S, w ith  an u n a lte r e d %% , a t  reduced 5 '-dTMP 
co n cen tra tio n s; ( l )  The in c r e a se  in  th e le n g th  o f  the budded 
phase, ( 2 ) the n u c lea r  s ta in in g  exp erim en ts, ( 3 ) the step -u p  
experim ents, (4 )  the in cr ea se  in  th e  percentage o f  c e l l s  w ith  
abnormal m orphologies, and (5 ) the experim ents where th e  g lu co se  
con cen tra tion  was a lt e r e d . D ir e c t  ev idence was su p p lied  by the  
autoradiography experim ents.
Table 8 shows th a t d ecrea sin g  th e 5 '-dTMP con cen tration  from 
25O -I5 )ig/ml had no e f f e c t  on the p op u la tion  doubling tim e. Over 
the range 50-15  /ig /m l th ere  was an in c r e a se  in  th e le n g th  o f  the  
budded p hase. The budding c y c le  and the D N A -division c y c le  o f  
Saccharomyces c e r e v is ia e  are on sep ara te  pathways but merge fo r  
c y to k in e s is  and c e l l  sep a ra tio n  (H a rtw e ll, 1974) and an e lo n g a tio n  
in  one would e lo n g a te  th e o th e r . I f  S was e lo n g a ted  by 5 ' -dTMP 
l im ita t io n  i t  may be i l lu s t r a t e d  by an in c r e a se  in  B .
N uclear s ta in in g  w ith  th e dye DAPI showed th a t a s  the 5 ' -dTMP
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con cen tration  was reduced th e  fr a c t io n  o f  the c e l l  cy c le  spent budded 
w ith  a s in g le  n u c leu s, a morphology c h a r a c te r is t ic  o f  c e l l s  in  S 
and Gg, in crea sed .
In the step -u p  experim ent, a h igh  con cen tration  o f  ^*-dTMP was 
added to  c e l l s  growing a t  a l im it in g  co n cen tra tio n . Upon a d d it io n ,  
a f t e r  an i n i t i a l  la g  there was an in c r e a se  in  the r a te  o f  c e l l  
d iv is io n ,  which was p red icted  i f  th e  ra te  o f  DNA r e p lic a t io n  was 
suddenly a c c e le r a te d .
The in cr ea se  in  the percentage o f  abnormal and e lon gated  c e l l s  
su ggested  th a t a t  reduced _5'-dTMP co n cen tra tion s th e  normal course  
o f  growth even ts  i s  d isru p ted , presumably caused by an in cr ea se  in  
S .
5'-dTMP con cen tration  must n o t s ig n i f ic a n t ly  a l t e r  during the  
growth o f  the c u ltu r e , or t h is  may be a p o s s ib le  exp lan ation  fo r  
some o f  the experim ental o b serv a tio n s . A doubling o f  the g lu co se  
c o n cen tra tio n , doubled the f in a l  c e l l  number,a h a lv in g  o f  i t ,  
h alved  the f in a l  c e l l  number, showing th a t i t  was d e p le tio n  o f  
g lu co se  n ot 5 ' -dTMP th a t caused c e l l s  to  en ter  s ta t io n a r y  phase, 
and th a t  th ere  was a constant supply o f  5*~dTMP a v a ila b le  fo r  DNA 
sy n th e s is  during growth, fa r  in  e x c e ss  o f  th a t requ ired  fo r  a round 
o f  DNA sy n th e s is  .
The autoradiography method developed  during t h i s  research  
a llow ed  d ir e c t  measurements o f  S to  be made. At the n o n -lim itin g
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con cen trations o f  50 ^g/ral 5 ' -dTMP, th ree  e s tim a te s  o f S gave a 
tim e fo r  DNA r e p lic a t io n  o f  approxim ately  40 m inutes (Table l 6 ) , 
D ecreasing the 5 ' -dTMP con cen tra tion  to  15 /ig /m l in crea sed  the  
len g th  o f  S from 40 to  97 m inutes (w ith  an unchanged H  ) . T his  
value i s  a s l ig h t  overestim ate because th e  la b e l l in g  tim e was 20 
minutes in s te a d  o f  the usual 15 m in u tes. At a co n cen tra tion  o f  
10 pg/m l w h e r e w a s  in creased  to  I 65 m inutes, S occupied 97 
m inutes. At n o n -lim it in g  con cen tra tion s S phase occupied 30^ o f  
the c e l l  c y c le ,  w hile  a t  l im it in g  co n cen tra tio n s t h i s  could  be 
in crea sed  u n t i l  i t  occupied over 6o^ o f  th e  c e l l  c y c le .
R iv in  & Fangman (1980b) showed th a t under c o n d itio n s  o f  
n itro g en  l im ita t io n  the in crea se  observed in  S phase was due 
s o le ly  to  a red u ction  in  the ra te  o f  fork  e lo n g a tio n  -  a t  the  
s lo w e st doubling tim es i t  was reduced fo u r  fo ld  compared to  the  
c o n tr o l. I t  i s  probable th a t th e in c r e a se  in  S caused by l im ita t io n  
o f  thym idine, a monomer d ir e c t ly  req u ired  in  fork  e lo n g a t io n , was 
a ls o  brought about by a reduction  in  the ra te  o f  e lo n g a tio n  o f  the  
r e p l ic a t in g  stran d .
Autoradi ography
Another major aim o f  the resea rch  was to  d evelop  a method o f  
measuring S phase u s in g  the 5 ' -dTMP m utants.
Label in corp ora tion  in  s tr a in  ID showed a s im ila r  uptake 
curve to  o th er  d eo x y r ib o n u cleo tid es  (F ig . I 9 ) (Johnston  &
W illiam son, 1978; R ivin  & Fangman, 1980a). The la b e l l in g .
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preparation  fo r  autoradiography and develop ing  used  e s ta b lis h e d  and 
r e l ia b le  methods ( s e e  Chapter 2 ) .  By a lt e r in g  th e  amount o f  la b e l le d  
thymidine o ffered  i t  was p o s s ib le  to  reduce exposure time fo r  rap id  
r e s u l t s .  A major advantage the mutants have over prev ious a u to ­
radiographic methods o f  measuring S i s  th a t  la b e l le d  thym idine i s  
s p e c i f i c  fo r  DNA, and no RNase treatm ent i s  n ecessa ry .
Three d if f e r e n t  an a lyses o f  th e  le n g th  o f c e l l  c y c le  phases in  
c e l l s  growing in  medium N p lus 50 /:ig/ml 5 '-dTMP are shown in  Table 
l 6 .  The cu ltu re  w ith  a doubling tim e o f  140 m inutes was s p l i t  and 
samples taken fo r  RNase and DNase trea tm en t. A ll  th ree  e s t im a te s  
o f  S were con stant a t  approxim ately 4o m inutes, or 30% o f  the c e l l  
c y c le .  The v a lu es  fo r  and Ĝ M & G^* measured to g e th e r , were 
a ls o  reasonably  co n sta n t.
Two p ie c e s  o f  evidence showed th a t RNase treatm ent was 
u n necessary . F i r s t ly ,  the same va lu e o f  S was obtained  r e g a r d le ss  
o f  whether RNase h y d ro ly s is  was a p p lie d . Second ly , a f t e r  DNase 
treatm ent c e l l s  had very few g r a in s , and counts above th e  background 
number o f  the c o n tro l were r a r e .
S occupying 30% o f  the c e l l  c y c le  f a l l s  w ith in  the experim ental 
range p rev io u s ly  ob ta ined  fo r  c u ltu r e s  grown under n o n - lim it in g  
c o n d it io n s , but the problems encountered in  measuring S, e . g .  
p lo id y , experim ental c o n d it io n s , s tr a in  d if fe r e n c e s  and method 
o f  a n a ly s is ,  preclude a s p e c i f i c  com parison.
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E ffe c t  o f  E longation  of S on o th er  C ell C ycle Parameters
A lter in g  the tim ing o f  c e l l  c y c le  ev en ts  by vary ing  the  
population  doubling time has been w e ll documented in  Saccharomyces 
c e r e v is ia e  (P r in g le  & H artw ell, 1 9 8 1 ). i s  the most f l e x ib le  
phase,and w h en ^  i s  in creased  most o f  th e  in cr ea se  occurs in  t h is  
phase. In crease in  S when% i s  len gth en ed  has on ly  been reported  
under co n d itio n s  o f  n itrogen  l im ita t io n  (R iv in  & Fangman, 1980a; 
Johnston ^  a 2 , 1 9 80). G^, M and G^* are u su a lly  measured
to g e th e r , and B arford  and H all (19?6) rep orted  a th ree  fo ld  in cr ea se  
w hen^  was in cr ea se d  from 92 to  435 m inutes. S la te r  ^  ^  (19?6) 
reported  a two fo ld  in crea se  w ith a th ree fo ld  in c r e a se  in  ^  . 
Johnston £ t  ^  ( I 98O) noted a s im ila r  tren d .
In t h is  p r o je c t  the tim ing o f  S phase has been a lt e r e d , w hile  
was unchanged.
I f  was u n a ltered , and the le n g th  o f  S more than doubled, 
th ere must be a decrease in  o th er  c e l l  c y c le  p aram eters. The 
r e s u l t s  are summarised in  Table 17 . N uclear s ta in in g  w ith  DAPI 
showed both M and G^* to  be con stan t over the experim ental range.
The d ecrease  in  th e unbudded phase a t  low er co n cen tra tio n s  
in d ic a te d  a red u ctio n  in  Ĝ  ( s e e  r e s u l t s ) ,  and d ir e c t  measurement 
a t  15 /ig/m l gave a g r e a t ly  reduced Ĝ  o f  10 m inutes compared to  
30 m inutes a t  50 jug/ml. At 10 |ig /m l, G  ̂ la s t e d  25 m inutes, s t i l l  
l e s s  than a t  50 /ig /m l but ^ w a s  in c r e a se d  to  I 69 m inutes. The 
in cr ea se  in'TZ a t  t h i s  co n cen tra tion  was due m ostly  to  an in cr ea se  
in  G^. Ĝ  i s  more than halved  in  le n g th  a t  I 5 Jig/ml from 40 to  14
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m inutes, although th is  va lu e  i s  l i k e l y  to  be a s l i g h t  under­
estim a te  due to  the in creased  la b e l l in g  tim e . At 10 pg/m l was 
a ls o  s ig n i f ic a n t ly  reduced.
Support fo r  the autoradiography r e s u lt s  was su p p lied  by the  
step -u p  experim ent which gave an e s tim a te  o f  G^, M and G^* a t  
15 ^g/m l o f  approxim ately 40 m inutes and a va lu e fo r  S under 
n o n -lim it in g  co n d itio n s  o f  approxim ately 50 m inutes.
At the low er 5' -dTMP co n cen tra tio n s P was in crea sed  s l i g h t l y  
and D decreased  in  comparison to  th e  c o n tr o l, i . e .  the r a t io  o f  
P:D d e c r e a se s . I f  the Ĝ  p eriod  i s  fo r  growth o n ly , an in c r e a se  
in  B o f  10 m inutes should lea d  to  a d ecrease  in  th e  unbudded p eriod  
o f  parents and daughters o f  10 m inutes eind P;D would remain 
c o n sta n t. P arents are however b om  g r e a te r  than th e  c r i t i c a l  s iz e  
n ecessa ry  fo r  s t a r t ,  and D NA -division c y c le  even ts  commence w ith in  
a few minutes o f  c e l l  d iv is io n  (Lord & W heals, 1 9 8 1 ). ^  - f a c t o r  
experim ents gave a p r e -s ta r t  p eriod  o f  on ly  4  m inutes in  parents  
grown a t  50 ;ig/m l 5 ' -dTMP, th a t o f  daughters was 33 m inutes. One 
ex p la n a tio n  f o r  the lo n g er  P would be th a t  when S in c r e a se d , the  
o th er  c e l l  c y c le  phases could on ly  be d ecreased  to  a c e r ta in  
e x te n t ,  a f t e r  which s t a r t  to  c e l l  d iv is io n  o f  p aren ts must in c r e a se .  
However the (X  - f a c t o r  experim ents rev e a led  th a t from 50-20 y g / w l  
th e  p er io d  from s t a r t  to  d iv is io n  in c r e a se d  on ly  s l i g h t l y ,  w h ile  
th e p r e - s ta r t  p er io d  o f  parents in cr ea se d  s ig n i f i c a n t ly .  P o st­
s t a r t  Ĝ  and th e  Ĝ  period  as a whole are  reduced in  p aren ts when 
5 ' -dTMP becomes l im it in g  fo r  DNA s y n th e s is .  Both th e p r e - s ta r t  and
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p o s t - s ta r t  p er io d s of daughters are reduced.
The in cr ea se  in  pre-s ta r t  Ĝ  o f  paren ts may e3q)lain why a t  
10 pg/m l 5' -dTMP ; ^  was in  creased  to  I 69 m inutes and Ĝ  ̂ occupied  
25 m inutes. At 7 .5  pg/m l 5 '- tT M P t in crea sed  to  215 m inutes, 
d iv is io n  was sym m etrical, y e t the le n g th  o f  B remained th e same a s  
a t  10 jug/ml. The in crea se  in  the unbudded period  was in d ic a t iv e  
o f  an in crea se  in  G^, in  both p aren ts and daughters, presumably in  
the p r e -s ta r t  p er io d .
This proposal was not supported by th e presence o f  c e l l s  showing  
secondary bud form ation . In th ese  c e l l s  s t a r t  must have occurred  
w ell b efore  c e l l  sep ara tion  fo r  buds to  appear p r io r  to  c e l l  
d iv is io n .  Perhaps a sm all percentage o f  c e l l s  in  th e p op u la tion  
overcame the demands o f thym idine l im ita t io n  w ithout th e  need fo r  
an in crea sed  p r e - s ta r t  period  o f  p a ren ts . The method o f  measuring  
s t a r t  should  have been accu rate a s  i t  has been w id ely  u sed  (S in ger  
& Johnston , 1981; R ivin  & Fangman, 1980a).
The most obvious candidate fo r  cau sin g  th e in c r e a se  in  pre­
s t a r t  G  ̂ i s  5 '-dTMP i t s e l f .  The f a c t  th a t ,  ( l )  e x p o n e n tia lly  
growing c e l l s  p laced  in  medium N minus 5 ' -dTMP a r r e ste d  a s  
d o u b le ts , c h a r a c te r is t ic  o f  c e l l s  in  S or l a t e r  in  th e  c e l l  c y c le ,  
and n o t unbudded, c h a r a c te r is t ic  o f  c e l l s  a r r e ste d  a t  s t a r t ,  and 
( 2 ) th a t  s ta t io n a r y  phase c e l l s  when p laced  in  fr e sh  medium minus 
5 ' -dTMP in i t i a t e d  th e D N A -division c y c le  and a r r e ste d  a s  d o u b le ts ,  
shows th a t 5 ' -dTMP i s  not measured a t  s t a r t .
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A s im ila r  type o f a n a ly s is  on Saccharomyces c e r e v is ia e  was 
ca rr ied  out by S inger and Johnston ( I 98I ) .  They used  two methods 
to  in cr ea se  S, ( l )  drugs which in h ib ite d  DNA sy n th e s is  were added 
a t  reduced co n cen tra tion s, and ( 2 ) a tem perature s e n s i t iv e  m utant, 
cdc8 , was grown a t  in term ed ia te  tem peratures. They a ls o  reasoned  
th a t an in crea se  in  B w ith an u n ch a n g ed ^  in d ic a te d  an in cr ea se  in  
S. No d ir e c t  measurements o f  DNA. sy n th e s is  were made, but th ey  
showed th a t  the execu tion  p o in t o f  cdc8 changed from 0 .3 7  o f  the  
c e l l  c y c le  in  the co n tro l to  O.58  a f t e r  hydroxyurea trea tm en t, and 
the execu tion  p o in t o f  cdcl3  (whose gene product i s  req u ired  fo r  
n u clea r  d iv is io n )  changed from 0 . 3 5  t o  0.5* T his was stro n g  
in d ir e c t  ev idence fo r  a len g th en in g  o f  S. In the tr e a te d  cu ltu re  
s t a r t  s h if t e d  from 0 .3  o f  the c e l l  c y c le  to  0 . 0 .  The p r e - s ta r t  
p eriod  was g r e a t ly  reduced u n t i l  i t  occupied on ly  the p er io d  from 
m ito s is  to  c e l l  se p a r a tio n . The in te r v a l from cdcl3  to  m ito s is  
was the same in  th e co n tro l and tr e a te d  c u ltu r e s ,  in d ic a t in g  a 
con stan t in te r v a l from com pletion o f  S to  m ito s is .
In  t h i s  p a r a l l e l  p ie c e  o f  work S in g e r  and Jo h n sto n  a l s o  found 
t h a t  in c r e a s in g  S, w ith o u t a l t e r i n g  "XT, cau sed  an in c r e a s e  in  B, 
and a  d e c re a se  in  G^. There were m ajo r d i f f e r e n c e s ,  th e y  r e p o r te d  
G^ rem a in in g  c o n s ta n t  and a  s i g n i f i c a n t  in c rease  in  th e  p e r io d  
from s t a r t  to  d iv i s i o n .  However th e  same g e n e ra l  p ic tu r e  was 
r e p o r te d ,  an in c re a s e  in  S, w ith  an u n a lte red T Z T , b e in g  com pensated 
f o r  by a  d e c re a se  i n  o th e r  c e l l  c y c le  p h a se s .
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The Role o f  and Ĝ
The d ecrease in  Ĝ  when DNA r e p l ic a t io n  i s  slow ed down 
supports to  some ex ten t the v iew s o f  Cooper (1979) and Liskay  
( 1978) th a t t h i s  phase i s  p resen t because ev en ts  s p e c i f i c  to  
growth have n ot y e t  occurred in  s u f f i c i e n t  q u a n t it ie s .  However 
th ere  was s t i l l  a s ig n if ic a n t  Ĝ  in  both p aren ts and d aughters, 
and a t  the low er con cen tra tion s the in c r e a se  in  S caused the  
requirem ent o f  some g row th -re la ted  even t n o t n ecessa ry  when 
5 '-dTMP was p resen t in  e x c e ss .
The sh orten in g  or len g th en in g  o f  c e l l  c y c le  phases need not 
mean th a t  ev en ts  which norm ally occur in  t h i s  phase must be om itted  
or d e la y e d , or th a t  c e l l  c y c le  s p e c i f i c  ev en ts  do n o t occur in  t h i s  
phase (F igure 23) •
I f  a c e l l  c y c le  pathway was independent o f  S , an ev en t which
norm ally  occurs l a t e  in  Ĝ  cou ld  occur e a r ly  in  S i f  t h i s  was
in c r e a se d  and Ĝ  decreased  (F igure 2 3 b ). Events which were growth 
dependent in  a normal Ĝ  cou ld  take p la ce  in  l e s s  tim e under 
c o n d it io n s  where l e s s  growth was n ecessa ry  in  Ĝ ,̂ e . g .  under 
5 ' -dTMP l im ita t io n  (F igure 23c and d ) . As a r e s u l t  o f  th e  d isru p tio n  
in  normal c e l l  c y c le  even ts caused by a len g th en in g  o f  S , a p rocess  
may be com pleted e a r l ie r  (o r  la t e r )  in  th e c e l l  c y c le  and may 
recommence in  a d if f e r e n t  p art o f the c y c le ( F igure 23d) .
The d ecrease  in  Ĝ  observed was more un exp ected . The fu n ctio n
o f  Gg i s  probably to  s y n th e s iz e  the p r o te in s  n ecessa ry  fo r  chromosome






A — ^B  ^ C — >D — ^E y F
A >B  > 0 - > D   > E ------------------------
G— > D ------- > E ----------------> F  A — >B
Figure 2 3 . E f fe c t  o f  a l t e r in g  S on o th er  c o n tr o lle d  p r o c e s se s .
(a ) Control A-^B e tc  are a s e r ie s  o f  even ts i n i t i a t e d  by an unknown 
c e l lu la r  even t
(b) Events A—>B e t c  are independent o f  S
(c )  Events A— are growth dependent
(d ) Events A— B̂ are in i t i a t e d  in  prev ious c y c le  by th e com pletion
o f  some unknown c e l lu la r  or growth ev en t.
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condensation , and factors to  cou n teract th e  in d u ction  o f  DNA 
s y n th e s is . The in crease  i,n B w ith  in c r e a s in g  growth ra te  le d  
P rin g le  and H artw ell (I98I )  to  propose th a t th e ra te  o f  accumul­
a tio n  o f  some s t a g e - s p e c i f ic  components n ot p resen t in  e x c e ss  can 
be r a te - l im it in g  under c o n d itio n s  o f  slow  growth. I t  i s  more 
l i k e ly  th a t t h is  occurs in  the f l e x i b l e  period  ra th e r  than  
the more r ig id  S or M phases. N uclear d iv is io n  i s  dependent upon 
DNA sy n th e s is  (H artw ell, 1974) and i f  ev en ts  cau sin g  t h i s  dependency 
are in i t i a t e d  e a r ly  in  S, under normal co n d itio n s Ĝ  w i l l  be % 
m inutes, but i f  S i s  e longated  th ey  may g iv e  a G  ̂ o f  X m inutes 
minus th e in cr ea se  in  S. This i s  c le a r ly  an o v e r - s im p li f ic a t io n ,  
i f  i t  i s  a p p lied  to  the data in  Table 17 a n eg a tiv e  v a lu e  i s  
ob ta in ed . I t  i s  more probable th a t  when c e l l  c y c le  phases are  
a lte r e d  a com bination o f  b , c and d a l l  occur. There seems to  be 
a minimum Ĝ  p eriod  o f  approxim ately 20 m inutes.
E f fe c t  o f  5*-dTMP L im ita tion  on Growth and Morphology
When c e l l s  growing ex p o n en tis illy  in  medium N p lu s 5 '-dTMP 
were removed, washed and added to  medium N w ithout 5 '-dTMP, a f t e r  
an approximate 66^ in cr ea se  in  c e l l  number, d iv is io n  cea sed , 
although  growth con tin u ed . The in c r e a se  was presumably caused by 
c e l l s  p o st-S  or c e l l s  in  S w ith  s u f f i c i e n t  in te r n a l 5 '-dTMP to  
com plete a ro^nd o f  DNA s y n th e s is .  Both typ es o f  c e l l  would be 
u n a ffe c ted  by removal o f  5 ' -dTMP from th e growth media and would 
com plete t h e ir  D N A -division c y c le .
Approxim ately h a lf  o f  th e c e l l s  assumed "Thym ine-less death"
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morphology and arrested  as; d o u b le ts  c h a r a c te r is t ic  o f  mutants fo r  
DNA sy n th e s is  or w ith a thym id ine requirem ent (Game, 1976) .  The 
r e s t  were m ostly c e l l s  wit-h an e lo n g a ted  tu b u lar bud (or  b u d s ) .
The buds were o ften  two or th ree  tim es normal s i z e ,  sometimes w ith  
in v a g in a tio n s  a long th e ir  le n g th , a s  i f  in i t i a t io n  o f  a new bud had 
occurred a t  th e  same isthm us (F igure 12a) .
This morphology i s  not c h a r a c t e r is t ic  o f  any oth er c e l l  cy c le  
m utants, a lthough  cdc4 a r r e s t s  w ith  m u ltip le  buds. In t h i s  mutant 
sp in d le  plaque d u p lica tio n  o c c u r s , but th ere  i s  a b lock  in  the  
in i t i a t io n  o f  DNA s y n th e s is . D esp ite  th e  absence o f  DNA sy n th e s is  
s e v e r a l buds are in i t i a t e d  a t  r e g u la r  in t e r v a l s .  Normally th ere  i s  
no new bud formed b efore c y to k in e s is  (H a rtw ell, 1974) and i t  i s  
thought th a t bud emergence i s  norm ally sw itch ed  o f f  by some even t 
fo llo w in g  th e  in i t i a t io n  o f  DNA s y n th e s is ,  which then becomes r e ­
a c t iv a te d  a t  th e  tim e o f sp in d le  p o le  body d u p lic a t io n .
P o s s ib ly , when mutant ID was d ep rived  o f  exogenous 5 ' -dTMP, 
in  some c e l l s  DNA sy n th e s is  e i th e r  p rogressed  extrem ely  s lo w ly , or 
had stopped p r io r  to  th e even t which sw itch ed  o f f  the budding 
mechanism. In the absence o f  normal DNA s y n th e s is  lo c a l i s e d  growth 
occurred a t  th e  bud isthm us ajid new buds were in i t i a t e d .
At reduced 5 ' -dTMP c o n c e n tr a tio n s , when thym idine was l im it in g  
fo r  DNA s y n th e s is  th ere  was an in c r e a se  in  th e  percentage o f  c e l l s  
w ith aberrant m orphologies (T able 8 ) .  At n o n -lim it in g  con cen tra t­
io n s , l e s s  than 1% were abnormal, a t  15 /ig /m l 10% were abnorm al,
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and a t  ? .5  /ig/m l (where X * in c r e a se d ) , 18 ^  were abnormal. Three 
major c la s s e s  o f ab n orm alities  were id e n t i f i e d ,  a l l  o f  which 
in crea sed  w ith  decreasing 5 '-dTMP co n cen tra tio n . F ir s t ly ,  c e l l s  
showing secondary bud form ation , seco n d ly , c e l l s  w ith  th e ir  buds in  
the cen tre  o f  a "bean-shaped" c e l l ,  and t h ir d ly ,  the major c l a s s ,  
c e l l s  th a t were e lo n g a ted , e i th e r  p aren t, daughter or both  
(F igure 12) .
Secondary bud form ation occurs when a new c y c le  i s  in i t i a t e d  
b efore  c e l l  sep ara tion  has been com pleted (Chapter 1 ) .  The 
e lo n g a tio n  o f  S may a llow  some growth e v e n ts , which under non­
l im it in g  co n cen tra tio n s occur in  the unbudded p er io d , to  take  
p la ce  during the e lon gated  budded p er io d , and a new cy c le  can be 
in i t i a t e d  e a r l i e r ,  in  some ca ses  b efo re  com pletion o f  the p rev iou s  
D N A -division cy c le  and t h is  i s  m an ifested  by th e presence o f  buds 
b efo re  c e l l  sep a ra tio n .
On the "bean-shaped" c e l l s , buds emerged a t  th e  middle o f  th e  
convex s i d e . The morphology may have a r is e n  i f  a bud was in i t i a t e d  
a t  th e t ip  o f  the c e l l  but f a i l e d  to  d evelop  p ro p er ly , i f  the n ex t  
bud was then i n i t i a t e d  in  the co rr ec t p o s it io n  t h is  would now be 
the cen tre  o f  the c e l l .  A lte r n a t iv e ly , th e  abnormal shape cou ld  
be due to  err o rs  made in  c e l l  w a ll com position  during bud growth.
Low 5 ' -dTMP con cen tra tio n s a ls o  caused some c e l l s  to  lo s e  
t h e ir  normal p r o la te  spheroid  shape and become e lo n g a ted . In a 
normal budded p eriod  th e a lk a l i - in s o lu b le  g lu ca n s , which h elp  to
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m aintain y ea st-sh a p e , are d e p o s ite d  a t  the l a t t e r  s ta g e s  o f  bud 
form ation (M a tile , Moor & Robinow, I 968) . The in c r e a se  in  th e  budded 
phase, w ith  an unchangedXT , may r e s u l t  in  more g lucans b ein g  
d ep o sited , g iv in g  a more r ig id  tu b u la r  shape to  the daughter c e l l .
D ecreasing th e  thymidine con cen tra tion  a ls o  a f f e c t e d  th e  volume 
a t  bud in i t i a t i o n  fo r  c e l l s  o f  a l l  g en e a lo g ic a l a g e s . At 50 p ë / ^  
the volume o f  daughters a t  bud in i t i a t i o n  was 27 a t  15 /ig /m l
i t  was 40 p j p  and a t  7*5 /ig /m l th e  volume more than doubled compared 
to  n o n -lim it in g  v a lu e s , to  65 piai^• The in cr ea se  i s  d i f f i c u l t  to  
e x p la in . The len g th en in g  o f  th e  budded phase a t  th e  low er concent­
r a tio n s  was compensated fo r  by a d ecrease in  th e unbudded phase, 
and as growth has been shown to  be ex p on en tia l during th e  c e l l  c y c le  
(Hayashibe, 1977) » volume a t  bud in i t i a t i o n  should  be u n a lte r e d . The 
50% in c r e a se  in  c y c le  time a t  7 «5 pg/m l on ly  p a r t ly  e x p la in s  the  
130% in cr ea se  in  volume. Lengthening o f  S phase, caused by 5*-dTMP 
l im it a t io n ,  caused a s u b s ta n t ia l in c r e a se  in  c e l l  volume a t  bud 
in i t i a t io n  through some unknown m etabolic  e f f e c t .
In crea sin g  th e  S phase by 5 '-dTMP l im ita t io n  a s  w e ll  a s  
a f f e c t in g  the le n g th  o f  o th er  c e l l  c y c le  phases a ls o  a f f e c t e d  
growth and morphology. B was len g th en ed , c e l l  volume a t  bud 
in i t i a t i o n  was in c r e a se d , secondary bud form ation was seen  and some 
c e l l s  l o s t  t h e ir  normal p r o la te  sphero id  shape. Presumably t h is  
was because a t  th e  low er co n cen tra tio n s c e l l s  were unable to  take  
up s u f f i c i e n t  5 '-dTMP to  support a normal le n g th  round o f  DNA
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r e p l ic a t io n .  This idea wais supported by th e r e s u lt s  o f  5 ' -dTMP 
l im ita t io n  in  mannose and YEPD medium.
The In flu en ce  o f  C ell Cycle E vents on Growth and Morphology
The work w ith  the chem ostat and th e 5 '-dTMP mutants have shown 
th a t  a l t e r a t io n s  in  the tim in g  o f  c e l l  c y c le  even ts car s ig n i f ic a n t ly  
a f f e c t  growth and morphology.
cdc4 shows th a t bud emergence i s  reg u la te d  by DNA sy n th e s is  
( s e e  a b ove). A number o f  genes d e fe c t iv e  in  n u c lea r  d iv is io n  do not 
undergo c e l l  sep a ra tio n  or bud i n i t i a t i o n ,  and n u c lea r  d iv is io n  must 
be a p r e r e q u is ite  fo r  th ese  two p ro cesses  ( H a rtw ell, 1 9 7 4 ). This  
shows th a t c e l l  c y c le  genes do r eg u la te  some m orphological e v e n ts . 
A lte r a t io n s  in  th e  growth r a te  can a f f e c t  c e l l  shape. An in cr ea se  
in  XT caused an in c r e a se  in  B and a d ecrease in  volume (F ig u res 1 and 
7 ) .  At very f a s t  growth r a te s  in  the chem ostat a sm all percentage  
o f  c e l l s  e x i s t  a s  fila m en ts  (F igure 9 ) .  In t h is  case  th e s ig n a l  
fo r  c e l l  sep a ra tio n  was sw itch ed  o f f ,  c e l l s  a ls o  l o s t  t h e ir  normal 
shape and became more c y l in d r ic a l .
Changes in  th e tim ing o f  c e l l  c y c le  p h ases, w ith  an unchanged 
a ls o  a f f e c t e d  growth and morphology a s  the r e s u l t s  w ith  
thym idine l im it a t io n  showed ( s e e  ab ove).
Some s p e c ie s  o f  fu n g i e x h ib it  dimorphism -  th ey  can e x i s t  in  
e i t h e r  the m y c e lia l h ab it or a y e a s t - l ik e  u n ic e l lu la r  morphology.
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depending upon environmentfal c o n d it io n s . I t  i s  b e lie v e d  th a t the  
change i s  brought about s t ir u c tu r a lly  by d i f f e r e n t ia l  r a te s  o f  
growth o f  d if f e r e n t  reg ion s o f  th e c e l l  w a ll ( Stew art & Rogers,
1978).
C onditions favouring th e  y e a s t  form in c lu d e , an anaerobic  
environm ent, ferm en tative  grow th, h igh g lu co se  or o th er  sugar 
con cen tra tion s and high tem peratures. M y ce lia l form i s  favoured  
by an aerob ic  environm ent, r e sp ir a to r y  growth and low sugar con cen t­
r a t io n s .  C yclic  AMP i s  a ls o  in v o lv e d , low  co n cen tra tion s a llo w in g  
y e a s t - l ik e  growth, high co n cen tra tio n s  m y c e lia l.  Y east form i s  
a sso c ia te d  w ith  co n d itio n s  p e r ta in in g  to  f a s t  growth r a te s  and 
the m y ce lia l form to  slow  growth r a te s  (S tew art & R ogers, 1978) .
A d ecrease in  th e growth r a te  may a f f e c t  some part o f  th e  DNA- 
d i v is io n  c y c le , th e changes in  which may then in f lu e n c e  c e l l  w a ll 
form ation , the means by which i t  i s  b e lie v e d  a change o f  form i s  
ach iev ed . Whatever the ca u se , growth r a te  i s  c le a r ly  in v o lv e d  in  
the reg u la tio n  o f  dimorphism and the need to  examine ev en ts  o f  
th e D N A -division c y c le  as w e ll  as b ioch em ica l and m etab o lic  ev en ts  
i s  apparent.
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